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ABSTRACT

Some materials feel colder to the touch than others, and we can use this difference in perceived
coldness for material recognition. This review focuses on the mechanisms underlying material
recognition based on thermal cues. It provides an overview of the physical, perceptual, and
cognitive processes involved in material recognition. It also describes engineering domains in which
material recognition based on thermal cues have been applied. This includes haptic interfaces that
seek to reproduce the sensations associated with contact in virtual environments and tactile sensors
aim for automatic material recognition. The review concludes by considering the contributions of

this line of research in both science and engineering.

Introduction

A common daily experience is that some materials feel
colder to the touch than others. Take metal for example.
It generally feels colder than wood, even when both of
them are at room temperature. The coldness of an object
at room temperature is distinct from the object’s physical
temperature. The contribution of the perceived coldness
to the recognition of materials was demonstrated by Ger-
man psychologist David Katz in the 1920s."

Material recognition based on thermal cues involves
physical, perceptual, and cognitive processes (see
Fig. 1). The physical process refers to the thermal inter-
action between the skin and the object touched by the
hand. Thermal cues that assist us in identifying an
object arise from changes in skin temperature during
hand-object interaction, which in turn depend on the
object’s material composition and other physical factors
related to the skin, the object, and the skin-object inter-
face. The perceptual process concerns our ability to
perceive these changes in skin temperature and use
them as cues for material discrimination and recogni-
tion. This ability is related to human thermal sensibility
and depends on the physical characteristics of the
object in contact. The cognitive process is related to
the mapping between the perceived coldness and the
internal representation of materials. This internal
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mapping determines how people classify the perceived
coldness into a certain material category and reach a
material judgment. Note that while the perception of
coldness plays an important role in material recogni-
tion by touch, the perception of other material proper-
ties, such as surface texture, compliance, and friction,
also affects people’s material judgments.””

The importance of advancing our knowledge of
how humans recognize materials on the basis of ther-
mal cues is twofold. On the fundamental side, the
more knowledge we have, the better we can under-
stand tactual object perception, which is one of the
most important and reliable sources of the informa-
tion we use to understand the world around us. On
the applied side, it will expand our knowledge base for
the development of haptic interfaces that present
information about the properties of objects encoun-
tered in real or simulated environments. By providing
the thermal cues that are normally experienced by the
hand during hand-object interactions, a more realistic
image of the object can be created to enhance the user
experience. At the same time, this line of research will
also contribute to the development of tactile sensors
that facilitate automatic object identification. By ana-
lyzing the heat transfer during the contact between a
tactile sensor and the object to be identified, the
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Figure 1. Physical, perceptual, and cognitive processes involved in material recognition based on thermal cues. In the physical process,
the thermal interaction between the skin and the object elicits change in skin temperature, which is a function of the object’s material
composition. In the perceptual process, the change in skin temperature activates thermoreceptors and the coldness perceived is used
as a cue for material recognition. In the cognitive process, the perceived coldness is classified into a certain material category to reach a

material judgment.

object’s material composition, which often cannot be
directly inferred from its appearance, can be ascer-
tained to facilitate object identification.

This review provides an overview of what we cur-
rently know about material recognition based on ther-
mal cues. The primary focus is on the physical,
perceptual, and cognitive aspects of material recogni-
tion based on thermal cues. Thermal displays that
have been developed to facilitate object identification
and discrimination will also be summarized, as well as
tactile sensors for automatic object identification sys-
tems based on the heat transfer during contact.

Physical process

The resting temperature of the skin is typically higher
than the ambient temperature of objects encountered
in the environment.® When the hand is brought into
contact with an object, the heat is conducted out of
the skin and the corresponding changes in skin tem-
perature are functions of the object’s material compo-
sition and other physical factors related to the object,
the skin, and the skin-object interface. The change in
skin temperature during contact determines the per-
ceived coldness of an object touched by the hand and
is the key to material recognition based on thermal
cues. To characterize the changes in skin temperature
upon contact, empirical and theoretical models are
used to predict the changes in skin temperature under
various contact scenarios. This section starts with an
overview of the physical factors involved in the heat
transfer process, followed by a discussion of how these
factors influence skin temperature responses during
contact. Finally, thermal models for hand-object inter-
actions are introduced.

Physical factors that influence the heat
transfer process

The thermal interaction between the skin and the
object is dominated by heat conduction and is a tran-
sient process. For such a process, thermal conductivity
and heat capacity are two important basic thermal
properties to consider. Thermal conductivity deter-
mines how much and how fast the heat extracted
from the finger spreads through the object in contact.
A high thermal conductivity allows the object to
extract more heat from the finger. Heat capacity deter-
mines the amount of extracted heat required to raise
the temperature of the object in contact by one degree.
A high heat capacity means that the heat from the
finger does not warm up the object very much, which
enables the object to continue extracting heat from the
finger. Contact coefficient is directly related to the
degree of coldness that would be perceived when
touching an object.” As a square root of the product of
thermal conductivity and heat capacity, a material’s
contact coefficient represents its ability to conduct
and store heat and in turn its capacity to extract heat
from the finger during contact. It is the property that
determines the contact temperature of two bodies
brought into contact.® The contact temperature is low-
est for materials with high contact coefficients, which
explains why metal feels cold (see Table 1 and
Fig. 4A).

An object’ geometry also has an influence on the
heat transfer process during contact. Just consider, for
example, the temperature difference one feels when
touching a piece of aluminum foil and an aluminum
block. The thickness of an object is important because
the heat transfer within it during contact occurs
mainly in the direction perpendicular to the contact
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Table 1. Thermal properties of the skin and four common materials.

Material Skin Aluminum Glass Acrylic Foam
Thermal conductivity k (W/mK) 0.37 237 138 0.20 0.19
Heat capacity pc (J/mK) 3.7710° 1.87710° 1.63"10° 1.72"10° 0.25"10°
Thermal diffusivity k/pc (m?/s) 11077 12671077 8.47°1077 1.16*1077 761077
Contact coefficient (kpc)'? (J/m?s'/%K) 1.17°10° 24°10° 1.50%10° 0.59*10° 0.22°10°

surface.” A thick object generally extracts more heat
from the skin than a thin one made from the same
material does, because of its better heat storage capac-
ity due to its larger mass.

The skin factors involved in the heat transfer process
during contact include its thermal properties, anatomi-
cal structure, and the effects of blood perfusion and
metabolic heat generation.'”'! With its low thermal
conductivity and low thermal diffusivity (see Table 1),
skin is a good thermal insulator. Therefore, the changes
in skin temperature during contact are localized to the
contact area'” and there is a huge temperature gradient
within the skin. The skin is composed of two principal
layers: the epidermis and dermis, each of which has
slightly different thermal properties.'> Within the der-
mis, there are thermoreceptors that respond to the
changes in skin temperature during contact (see
Section “Human thermal sensation” for details) and
blood vessels that provide nourishment to the cells.
Lying below the dermis is the hypodermis, which is the
subcutaneous tissue that attaches the skin to underlying
bone and muscle and supplies it with blood vessels and
nerves. Because of these properties, the skin is often
modeled as an inanimate material with a constant heat
supply for heat transfer analysis (see Section “Thermal
modeling” for details).

The condition of the skin-object interface affects the
heat transfer process during contact mainly through the
thermal contact resistance presented at the skin-object
interface. When two surfaces are brought into contact,
only a small fraction of their surface areas is actually in
contact because of the nonflatness and roughness of the
contacting surfaces (see Fig. 2). This limited contact area
restricts the amount of heat that can be transferred across
the interface, and the degree of restriction is determined
by thermal contact resistance. Thermal contact resistance
depends on a number of variables, including the surface
roughness, contact force, compliance, and the thermal
conductivity of the skin and object in contact."* This
explains why in daily experience the sensation of cooling
is more vivid if a finger presses an object surface harder
during contact and why smooth surfaces generally feel

colder to the touch than rough ones. Several methods
have been proposed for estimating the thermal contact
resistance for the contact condition involving the finger
pad and a surface."”"’

Lastly, the initial temperatures of the skin and the
object are important factors to consider for material
recognition based on thermal cues. Their initial tem-
peratures determine the direction and the amount of
the heat exchanged during contact. When the resting
temperature of the skin is lower than the temperature
of objects encountered in the environment, the heat
will be transferred from the object to the skin and
warmness will be perceived upon contact instead of
coldness. For both heat transfer directions, the amount
of heat exchanged is positively related to the tempera-
ture difference between the skin and object. When there
is no temperature difference between the two, there will
be no change in skin temperature during contact and
thus no thermal information for material recognition.

Skin temperature responses during contact

During hand-object interactions, different materials
will produce different cooling curves for the skin as
shown in Fig. 3. These cooling curves typically take a
similar form, with a rapid temperature drop at the
moment of contact (initial phase) and a slower change
as time passes (late phase). As can be seen in Fig. 3, the
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Figure 2. Heat transfer across skin-object interface during con-
tact. When the skin and the object are brought into contact, only
a small fraction of their surface areas is actually in contact
because of the nonflatness and roughness of the contacting sur-
faces. This limited contact area restricts the amount of heat that
can be transferred across the interface, and the degree of restric-
tion is defined by thermal contact resistance.
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Figure 3. Changes in skin temperature when touching 4 common
materials: Aluminum, glass, acrylic, and foam for 20 s. These cool-
ing curves typically take a similar form, with a rapid temperature
drop at the moment of contact and a slower change as time
passes. Materials with high contact coefficients, such as metal,
generally elicit a higher initial cooling rate and a larger total
change in skin temperature than those with low ones. For materi-
als with low contact coefficients, such as foam (red line), the skin
temperature tends to start to increase again slowly after it has
reached its lowest level, resulting in a V-shaped temporal profile.

cooling curves of aluminum, glass, acrylic, and foam
are distinct. The differences among them are often
summarized with two curve features: the initial cooling
rate and the total change in skin temperature through-
out the contact period.'® Materials with high contact
coefficients, such as metal, generally elicit a higher ini-
tial cooling rate and a larger total change in skin
temperature than those with low ones. The difference
in these cooling curves is the physical basis of the dif-
ference in perceived coldness among materials of the
same physical temperature, and it also demonstrates
that material recognition is possible with thermal cues.

The cooling curves associated with making contact
with materials are often modeled as Newtonian cooling
Curves)7,18-20
cooling of a solid inanimate body to the temperature of

which were originally used to model the

the environment.” A Newtonian cooling curve is a
first-order exponential decay function. The inverse of
the time constant derived with this model is related to
the logarithm of the contact coefficient of the materi-
als,” which is consistent with the observation that a
material with a higher contact coefficient causes faster
skin cooling. Studies have also approximated the cool-
ing with a modified Newtonian cooling curve, which is
a second-order exponential decay function that can bet-
ter describe the two-phase nature of the cooling.**** In
this model, the first, shorter time constant describes the
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instantaneous skin temperature responses in the first
few seconds of contact (initial phase), which is presum-
ably related to the cooling of the very superficial epider-
mal layer and primarily thermocouple dynamics. The
second, longer time constant describes the skin temper-
ature responses in the late phase and is presumably
related to effects resulting from prolonged contact, such
as the cooling of the deeper dermal layers of the finger
and the effects of metabolic heat generation and blood
perfusion. For materials with a high contact coefficient,
the cooling process is overall a lot quicker and domi-
nated to a greater extent by the first, shorter time con-
stant. On the other hand, for materials with a smaller
contact coefficient, the cooling process is relatively slow
and both the first and second time constants are longer,
with the very long second time constant dominating the
overall cooling process to a greater extent.

Another factor besides material composition that
influences the skin temperature response during con-
tact is object geometry. In general, a thick object tends
to elicit a higher initial cooling rate and larger total
change in skin temperature than a thin one made
from the same material. Depending on the material
composition and the thickness of the object, there are
three possible responses in the late phase of contact.
In general, for materials with high contact coefficients,
such as metal, the skin temperature tends to continue
decreasing at a lower rate or approach an asymptote
as time increases. On the other hand, for objects that
are very thin (e.g, 1-mm thick) or made from
materials with low contact coefficients, such as foam,
the skin temperature tends to start to increase again
slowly after it has reached its lowest level, resulting in
a V-shaped temporal profile as shown by the cooling
curve of foam (red line in Fig. 3).2° The V-shaped tem-
poral profile reflects the heating of the object during
contact by the heat transferred to and in turn accumu-
lated in it. For objects that are very thin, it is easy to
observe the V-shaped temporal profile because the
heat accumulation effect is reflected in the object’s
temperature within a short time. For materials that
have a low contact coefficient (e.g., foam), the heat
accumulation would be limited to the region near the
contact surface; therefore, V-shaped temperature
responses are easily observed, regardless of thickness.

Contact force also exerts its influence on the skin
temperature responses.ZG'28 For contact force ranging
from 0.1 to 6 N, the decrease in skin temperature is
greatest between 0.25 and 0.35 N and from 4 to 6 N
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and smaller between 0.5 and 4 N.*” This nonlinear
relationship indicates that the influence from the
contact force does not merely arise through the ther-
mal contact resistance, which suggests that the
decrease in skin temperature is positively related to
the contact force. The greatest decrease in the range of
0.25-0.35 N is presumably related to the collapse of
blood vessels in the region of compression, which
drives the blood away from the contact area to
capillaries under the nail bed***” and causes a
decrease in skin temperature that the thermal contact
resistance model does not account for.

The effect of the object’s surface roughness on the
skin temperature responses is more complicated than
that predicted by the thermal contact resistance model,
which suggests an inverse relationship between surface
roughness and the decrease in skin temperature; that
is, high surface roughness would result in a smaller
decrease in skin temperature. An investigation with
copper surfaces whose roughness ranges from 165 to
216 um has shown that there is a small but consistent
decrease in skin temperature as a function of the sur-
face roughness of the object in contact with the hand.*”
This contradiction to the theoretical prediction points
to the possibility that the finger may be able to deform
more around a textured surface with higher roughness,
which would result in a larger contact interface and
thus a greater decrease in skin temperature.

Thermal modeling

Thermal modeling is a way to systematically analyze the
relationship between the physical factors involved in the
heat transfer process to the skin temperature responses
during contact. There are several ways to model the ther-
mal interaction between the skin and an object during
contact, starting with the assumption that the skin is an
inanimate material to the inclusion of the effects of blood
perfusion and metabolic heat generation, with the skin-
object interface condition and the geometries of the fin-
ger and object precisely specified.

For short contact periods, the skin and the object
can be modeled as semi-infinite bodies, which are ide-
alized bodies with a single plane surface extending to
infinity in all directions.>*>*" Such an assumption is
reasonable because within a short contact period the
temperature disturbance within the object due to the
thermal interaction is limited to the superficial layer,
so the actual object geometry does not affect the heat

transfer process. Generally speaking, a semi-infinite
body assumption is valid under the condition that the
Fourier number is less than 0.05:®

ot

Fo=—
L

(1)

where « is the thermal diffusivity of a solid body, ¢ is
the contact period, and L. is characteristic length,
which is the length through which conduction occurs.
Based on (1), the validity of the semi-infinite body
assumption can be estimated for any contact scenario.
For the heat transfer process at the skin side, if we
treat the skin as an inanimate material with a charac-
teristic length (skin thickness) of 2.5 mm, the semi-
infinite body assumption is valid for the skin for a
contact period less than 3 s, which corresponds to the
initial phase of the skin temperature response during
contact (see Section “Skin temperature responses dur-
ing contact” for details).

Based on the semi-infinite body assumption, the heat
transfer process during hand-object interactions can be
simplified as “two semi-infinite bodies in contact”.****
This model concerns only the most basic factors of the
heat transfer process during contact, namely the initial
temperatures and the thermal properties of the skin and
object. It predicts that the surface temperatures of the
skin and object would change instantaneously to a con-
tact temperature at the moment of contact and would
maintain constant throughout the contact duration.
Contact temperature T, can be calculated as:

Tobject,i(kloc)1 2 + Tskin,i(kpc)l /2

bject skin
Tc = > (2)
(kO + (k) g

1/2

where (kpc)
initial temperature of the object, and Ty, is the initial

is the contact coefficient, Topject; is the

temperature of the skin. The thermal property that gov-

erns  this contact  coefficient
(see section “Physical factors that influence the heat
transfer process” for details). It acts as a weighting fac-
tor that determines whether the contact temperature
will more closely approach the initial temperature of
the skin or object. Materials with high contact coetfi-
cients would result in a lower contact temperature as
shown in Fig. 4A. Although the prediction offered by

the “two semi-infinite bodies in contact” model differs

process is the

from the empirical data, which show that at the
moment of contact the surface temperatures of the skin



TEMPERATURE (&) 41

Contact temperature (°C)

w
wul

Foam

Acrylic

Temperature (°C)

Glass

Aluminum

Figure 4. Temperature responses when touching 4 common materials predicted by (A) the semi-infinite body model and (B) the revised
model. The semi-infinite boy model predicts the surface temperatures of the skin and object would change instantaneously to a contact
temperature at the moment of contact and maintain constant throughout the contact duration (green dots and green dashed lines).
The revised model takes into account the thermal contact resistance at the skin-object interface and provides a more realistic prediction
on the skin (red line) and object surface (blue line) temperature responses.

and object change with time® (Fig. 3), this model pro- The “two semi-infinite bodies in contact” model can
vides a first approximation of the heat transfer process  be improved by taking into consideration the thermal
during contact and is useful in predicting the perceived  contact resistance at the skin-object interface, which
coldness of any given material. accounts for the influences from the contact force and
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the surface textures of the skin and object.”*** Adding
thermal contact resistance to the “two semi-infinite bod-
ies in contact” model provides a more realistic prediction
on the time course and amplitude of the skin temperature
change during contact (Fig. 4B). The modified model
performs well in predicating the initial cooling rate, but
tends to overestimate the total changes in skin tempera-
ture throughout the contact period.” Its performance
reflects the limitation of the semi-infinite body assump-
tion, which is only valid for short contact period. The
overestimation of the temperature change is also related
to the assumption that the skin is an inanimate material.
In the actual heat transfer process, the skin temperature
won't decrease as much because of the effects of blood
perfusion and metabolic heat generation.

To model the skin temperature response at later
phase of contact with the object, several studies have
taken into consideration its geometry. The LC model
proposed by Ho” assumes the object in contact is a
lumped system, that is, the temperature of the object
is spatially uniform at any instant during the heat
transfer process. This analytical model can precisely
predict the skin temperature responses for thin objects
or objects made from materials with high conductivi-
ties. The model proposed by Bergmann Tiest’” also
concerns the influence from the object geometry. It is
a one-dimensional finite element model which
assumes a constant finger temperature to account for
the effect of blood perfusion. It predicts that thick
objects would extract more heat from the finger dur-
ing contact and thus feel colder to the touch than thin
ones. However, the model cannot predict the skin
temperature responses during contact because of its
constant finger temperature assumption.

To improve the accuracy of the thermal response
prediction, studies have proposed models that consider
the effect of metabolic heat generation and blood per-

fusion®*!

or divide the skin into several layers based
on its anatomical structure.”*'* To date, various ther-
mal models have been proposed for modeling the heat
transfer process during hand-object interactions (for a
full review, see ref. 17). The choice of assumptions
depends on the particular contact scenario intended

for analysis and its validation in experimental studies.

Summary

The physical process of hand-object interactions is a
fundamental of material recognition based on thermal
cues. When an object is touched by the hand, the

thermal, surface, and mechanical properties and the
geometry of the object in contact are involved in the
heat transfer process between the skin and object.
These factors exert their influence on the change in
skin temperature, which is the key to successful mate-
rial recognition.

While the physical properties of common objects
are easy to estimate, the changes in skin temperature
under different scenarios are relatively difficult to
obtain because of the time and effort required for the
measurement. Because of this, the empirical skin tem-
perature response data available so far have generally
been obtained in experimental room settings using
material samples with minimized variation in other
factors, such as surface texture and size. These empiri-
cal data provide straightforward observations of how
the skin temperature responses changes as a function
of the physical factors manipulated in the experimen-
tal settings and are useful in identifying the relative
importance of each physical factor. However, it can
only characterize the skin temperature responses
under the contact scenarios examined.

Thermal modeling can overcome the limitations of
the empirical method as it is able to predict the ther-
mal responses of the skin as it makes contact with an
object under different contact scenarios. However,
thermal models are based on different kinds of
assumptions, each of which is only suitable for certain
situations. Therefore, it is important to choose the one
that fits the contact scenarios intended to be simu-
lated. Nevertheless, the skin temperature responses
during brief contact can be well-predicted by a model
incorporating the semi-infinite body assumption with
consideration of thermal contact resistance. This helps
us to understand how people infer the material com-
position of objects with incidental contact, which is a
situation that often happens in daily life - When peo-
ple navigate through the surroundings, they often
make contact with objects incidentally and the contact
is only for a short period of time.

Perceptual and cognitive processes

When the hand makes contact with an object, the change
in skin temperature is encoded by thermoreceptors in the
skin and transmitted to the central nervous system to
assist in object recognition. As the resting temperature of
the skin is typically higher than the ambient temperature
of objects encountered in the environment, it is the cold
thermoreceptors and afferent units that signal the



decrease in skin temperature and the coldness perceived
that characterizes the material touched by the hand. On
the basis of the perceived coldness upon contact, people
are able to discriminate and recognize materials touched
by the hand. In material discrimination, the process
involves direct comparison of the perceived coldness
upon contact. In material recognition, it requires the
mapping between the perceived coldness and the internal
representation of the materials. This section provides an
overview of human thermal perception. It covers how the
human thermosensory system processes temperature
information, followed by a review of the literature regard-
ing people’s performance on material discrimination and
recognition based solely on thermal cues.

Human thermal sensation

In the realm of human thermal sensation, warmness
and coldness are mediated by separate channels.**
Warm sensations result from the activities of warm
receptors, which are mainly innervated with slow con-
ducting small unmyelinated C fibers. Cold sensations
result from activities of cold receptors, which are
mainly innervated with fast conducting small myelin-
ated AS fibers.”” Because of the difference in nerve
innervation, the conduction velocity of cold receptors
is much higher (5-30 m/s) than that of warm recep-
tors (0.5-2 m/s).*® The density of thermoreceptors
varies from one body region to another, but cold
receptors are always more numerous than warm
receptors.45

Warm and cold receptors show both static and
dynamic responses that represent the adapting tem-
perature and the change in temperature, respectively.
In the neutral thermal zone between 30 and 36°C,
both types of thermoreceptors discharge spontane-
ously at low rates and no thermal sensation is noted.
When the skin temperature drifts away from this neu-
tral thermal zone, the relative discharge rate of the
warm and cold receptors changes. In general, increases
in skin temperature cause warm receptors to fire, and
decreases in temperature result in cold receptors dis-
charging. Warm receptors respond to a temperature
range between 30-50°C with peak intensities around
45°C. Cold receptors respond to a temperature range
between 5 and 43°C with peak intensities between
23-28°C.*>* When the skin temperature rises above
45°C or falls below 15°C, nocioceptors respond to the
extreme thermal stimuli, which results in pain.
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Sudden changes in skin temperature, such as those
elicited by touching an object surface with the hand,
evoke dynamic responses in thermoreceptors. The
warm receptors respond to sudden heating with a
transient increase in the discharge frequency of action
potentials. The peak responses tend to occur within 1
to 2 s after the end of the dynamic stimulus, and the
peak frequency depends on the rate of temperature
change, the magnitude of the thermal increment, and
the adapting temperature of the skin.*® Cold receptors
show similar response patterns, but their peak
responses usually occur well before the ends of the
temperature changes,” indicating that they respond
more readily to transient changes than warm receptors
do. For both warm and cold receptors, the peak
responses are followed by a rapid decline in frequency
during the early stages of the new temperature level.”

The action potentials from the thermoreceptors are
transmitted by the small-fiber spinothalamic system,
and the neurons on which the spinothalamic fibers
terminate have huge receptive fields.”'>* These thala-
matic neurons further relay the thermoreceptive
activity to the dorsal posterior insula, which has an
antero-posteriorly organized topographic map of ther-
moreceptive activity directly correlated with warming
or cooling in skin.”*** The subjective evaluation of the
thermal stimuli—the feeling elicited in each person by
them—depends on post-processing of the information
from the dorsal posterior insula in the right anterior
insula and orbitofrontal cortex.”* In essence, the insula
functions as the primary thermosensory cortex and is
responsible for the discrimination and localization of
temperature sensations in humans.

Humans are sensitive to changes in skin tempera-
ture, and the sensitivity is especially remarkable for
cooling. On the thenar eminence at the base of the
thumb, human subjects can resolve a difference of
0.02-0.07°C in the amplitudes of two cooling pulses
or 0.03-0.09°C in those of two warming pulses.”>”’
The absolute threshold for detecting a change in skin
temperature, which would be the situation when the
hand touches an object, varies at different body sites.
The face, especially the lips, is the most sensitive
region and the extremities are the least sensitive.
Within the hand itself, there are local variations in
thermal sensitivity. For example, the thenar eminence
has superior warm and cold sensitivity compared to
the fingertips. When the skin temperature is main-
tained at 33°C, the absolute warm and cold thresholds
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at the thenar eminence are 0.20 and 0.11°C, respec-
tively, while those at the index finger are 0.55 and
0.30°C, respectively.”® In general, all body regions are
more sensitive to cold than to warm stimuli, and the
better a site is at detecting cold, the better it is at
detecting warmth. This superior sensitivity for the
detection of temperature changes indicates that
humans are well-equipped for recognizing object
material based on thermal cues.

When the skin temperature changes very slowly,
with the rate being less than 0.1°C/s, an observer can
be unaware of a change of up to 4 or 5°C, provided
that the temperature remains within the neutral ther-
mal zone of 30-36°C.>” The reduction in sensitivity
that occurs with slower rates of temperature change is
related to adaptation, that is, the loss of responsiveness
to thermal stimulation as a result of continuous expo-
sure to the stimulus. This is a frequently experienced
phenomenon in daily life. For example, the sensation
of warmth aroused when one steps into a bath gradu-
ally diminishes and may eventually disappear even
though the water’s temperature is kept constant.
Adaptation is one of the most predominant character-
istics of human temperature sensation. Due to adapta-
tion, there is no fixed reference point for temperature
perception. For this reason, humans are not very good
at judging absolute temperature. In a study that inves-
tigated whether veridical perception of physical object
temperature occurs in humans, participants were pre-
sented with a test stimulus to one hand and requested
to find a matching temperature with the other hand
after the two hands had adapted to different tempera-
tures.®” A difference between the test and matching
temperatures indicated a deviation from the veridical
perception. Tritsch® found that the veridical percep-
tion of object temperature is assured for objects whose
temperature is much higher or lower than that of the
skin. For objects whose temperature is close to that of
the skin, the temperature sensation elicited deviates
from veridical perception, indicating that both the
object’s temperature and change in skin temperature
contribute to the temperature sensation elicited. The
deviation from the veridical temperature perception
in this temperature region makes recognition of object
material based on thermal cues possible, as the mate-
rial differences would be unrecognizable if we were
only to sense the physical temperature of the
materials.

Human temperature sensation has been shown to
have good spatial summation and poor localization
for thermal stimuli at low intensities.®’®® This is
hardly noticed in daily experience because concurrent
tactile inputs can facilitate thermal localization. For
example, when the hand makes contact with an object,
the change in skin temperature and the deformation
of the skin activate both thermoreceptors and mecha-
noreceptors located in the skin. Localization of ther-
mal cues during hand-object interactions has been
studied using materials that span a wide range of ther-
mal properties. Using this procedure, Ho and Jones*
determined the accuracy with which subjects could
identify which of three fingers on one hand was in
contact with a material that felt different (i.e., the tar-
get) from the material (i.e., distractor) that was in con-
tact with the other two fingers. The ability to localize
differences in the thermal responses of the fingers was
poor (57% correct) and depended on both the thermal
properties of the target and the distractor materials. In
general, the performance was better when the differ-
ence in the contact coefficient was large between the
target and the distractor.

The poor performance in localizing a material based
on thermal cues is related to thermal referral, in which
the interaction of thermal and tactile inputs leads to
mislocalization of thermal sensations when adjacent
parts of the skin are differentially stimulated.”””° This
phenomenon was first demonstrated by Green.”’
When observers touched three stimulators simulta-
neously with the index, middle, and ring fingers of one
hand, but only the outer two stimulators were cooled
or heated, thermal uniformity was felt at all three fin-
gers, with the intensity perceived as lower than the
physical intensity applied to the outer two fingers.”
Thermal referral can be thought of as a phenomenon
that reflects how thermal and tactile modalities coordi-
nate to resolve incoherent spatial information acquired
during hand-object interactions. It can facilitate object
recognition, as it compensates for the discontinuity in
the thermal properties of the sites in contact and cre-
ates a unified perceptual experience that is coherent
across thermal and tactile modalities.

Besides the influence from the tactile inputs, tem-
perature perception is also affected by visual informa-
tion. For example, the prevailing “red-warm/ blue-
cold” association has been shown to bias people’s per-
ception of environmental temperature — red or blue



room lighting can make a person feel warmer or
cooler.”"”> However, when it comes to touch, which is
the case of the temperature perception elicited by
touching an object, the effect of color is not as
straight-forward. Ho, Iwai, Yoshikawa, Watanabe and
Nishida” demonstrated that a blue object would feel
warmer to touch than a red object of the same physical
temperature. This effect apparently opposes the com-
mon conception of red-hot/blue-cold association. The
contradictory results have been interpreted as a con-
trast effect, that is, the prior expectation based on the
red-hot/blue-cold association is integrated with direct
temperature inputs in a way that emphasizes the “con-
trast” between the two, making the perception
opposed to the expectation.”*”

Material discrimination

Humans are able to discriminate materials based on
thermal cues. In 1925, Katz' demonstrated that people
are able to order room temperature materials that
span a wide range of thermal properties from “colder”
to “warmer.” In this colder-warmer order, metals are
typically at the cold end, while fabrics are at the warm
end, and the order variation is extremely small across
individuals. The discrimination between materials
becomes more difficult if their temperature is very
similar to the skin temperature, as in such situations
the heat transfer between the skin and the object is
limited and thermal information for a material
becomes unavailable (see section “Physical factors that
influence the heat transfer process” for details). When
their temperature is raised above the skin temperature,
the perceived order of “warmer” and “colder” is
reversed, with metals at the warm end and fabrics at
the cold end. A similar warmer-colder discrimination
can also be performed by touching the top surface of
the material samples differing only in thickness. At
room temperature, thicker samples are perceived
colder than thinner ones. When the ambient tempera-
ture is raised to 40°C, the thermal sensation is
reversed, with thinner samples feeling colder than
thicker ones.”

Without a doubt, certain differences in thermal
properties are necessary for people to discriminate
materials based on the perceived coldness upon con-
tact. With a set of four disks made from copper, stain-
less steel, glass, and polyvinyl chloride (PVC), Dyck,
Curtis, Bushek, and Offord”” found that the pairs of
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disks that normal healthy subjects can reliably distin-
guish on the palm of the hand as “cold” and “warm”
were copper and PVC and copper and glass. Similar
results are reported in refs. 35, 39, and 42. To further
quantify the difference in thermal properties required
for reliable discrimination, Jones & Berris’®”°

ined the difference required for reliable discrimination
in terms of thermal conductivity and heat capacity,

€xam-

which are two of the most important basic thermal
properties involved in the heat transfer process during
hand-object interactions (see section “Physical factors
that influence the heat transfer process” for details).
Their results suggested that a difference in thermal
conductivity on the order of 70% or a difference of a
factor of four in heat capacity is necessary for discrim-
ination. Later, Ho and Jones? estimated the difference
required in terms of contact coefficient, which is the
property directly related to the degree of coldness per-
ceived when touching an object (see section “Physical
process” for details). They found that people were able
to reliably discriminate between materials when the
difference in their contact coefficients differed by a
factor of three or more. Similar results were obtained
with simulated materials as well.*> However, these dif-
ferences in thermal properties can’t fully represent
human capacity in discriminating materials based on
thermal cues, because the materials used in these
experiments did not have close and equal spacing of
thermal properties. To obtain a precise estimation of
the discrimination threshold, Bergmann Tiest and
Kappers'® used a device to artificially extract heat
from the finger to simulate materials with regularly
spaced thermal diffusivities. They found that subjects
were able to discriminate between simulated materials
with thermal diffusivities differing by 43%.

The way the hands and fingers interact with materi-
als influences one’s performance in material discrimi-
nation. Yang, Kwon and Jones® have shown that
when the fingertip of a single finger is presented with
two simulated materials, people are unable to discrim-
inate between them even when the ratio of the differ-
ences in the contact coefficient is extremely large
(urethane : copper, 850: 1). In another experiment,
Yang, Kwon and Jones® presented one simulated
material to the middle three fingers of one hand and
another simulated material to only the middle finger
of the other hand and asked subjects to discriminate
which middle finger felt colder. They found that the

ability to discriminate between materials was
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influenced by the concurrent thermal stimulation of
the index and ring fingers. The performance was
enhanced when the “cooler” of two simulated materi-
als was presented to three fingers, but the discrimina-
tion become more difficult if the “less cool” of the two
materials was presented to three fingers. In the latter
condition, participants were unable to discriminate
reliably between the simulated materials—a task that
could be accomplished quite easily when only one fin-
ger of each hand was stimulated.”” These cases of
decline in performance are related to the spatial char-
acteristics of thermal perception, that is, human ther-
mal perception is rich in spatial summation and poor
in thermal localization (see Section “Human thermal
sensation” for details).

The human ability to discriminate materials has
also been surveyed based on the time spent to respond
to the thermal properties of a material. It has been
shown that it takes about 900 ms to identify whether a
copper sample, which has a high contact coefficient, is
present in an array of two samples (copper and
wood), and that the time increases with the number of
distractor stimuli (i.e., wood) in the array.*® The time
taken to respond to the thermal properties of materials
is similar to that associated with identifying whether a
cold object is presented among a number of warm
objects.*’ However, it is significantly longer than the
time associated with encoding other material proper-
ties, such as hardness or roughness, which is 400-
500 ms on average when two items (i.e., a target (hard
surface) and a distractor (soft surface)) are presented
in an array. This discrepancy in processing time is due
to the fact that temperature changes are conducted
more slowly by the smaller diameter A§ and c fibers
than other material properties, which are processed by
larger diameter A8 mechanoreceptor fibers.*'

The human ability to discriminate between materi-
als based on thermal cues is based on the ability to dis-
criminate between the temporal profiles of the skin
temperature responses (cooling curves) when touch-
ing the materials (see Fig. 3). In an experiment using a
device to artificially generate cooling curves to simu-
late materials, subjects were requested to select from
two stimuli the one that cooled faster.'® It was found
that both initial cooling rate and the end temperature
of the cooling curve contributed to the discrimination.
In particular, the discrimination seemed to more
strongly depend on the initial cooling rate, as the dis-
crimination threshold was found to be double with a

rate that was twice as slow but remained almost
unchanged when the temperature difference between
the beginning and end of the stimulus was halved.
The results indicate that both thermal cues were used
for discrimination but the cooling rate seemed to be
the most important. This is consistent with the find-
ings that our sense of cold is more sensitive to tran-
sient changes than to absolute temperature and that
rapid changes in skin temperature are very salient
stimulus features in dynamic thermal stimulation.®

Material recognition

Absolute recognition of materials based on thermal
cues involves mapping the temperature changes per-
ceived upon contact to the internal representation of
the materials, which presumably proceeds based on
the remembered cues associated with making contact
with materials in prior experience. Although the
nature of those cues has not yet been clarified, they
are presumably related to the features of the skin cool-
ing curve produced upon contact, such as the initial
cooling rate or end temperature.'® Katz' referred to
this internal representation of materials as a tempera-
ture gestalt and suggested that generic temperature
gestalten should be available for common materials
such as metal, wood, and fabric, so that the recogni-
tion of these material can be done readily based on
thermal cues. In a series of experiments, he demon-
strated that presenting materials in high temperature
or in unusual size, e.g., aluminum foil, or asking peo-
ple to touch the materials for an extremely short time
or while wearing a glove, distorted the material tem-
perature gestalt. Under these atypical situations, rec-
ognition suffered most for materials that usually feel
cool (i.e. those with high contact coefficient, such as
metals). For warm and neutral materials (i.e. those
with low contact coefficient, such as wood or fabric),
the recognition was possible but with considerable dif-
ficulty. On the basis of these observations, Katz postu-
lated that thermal information might be indispensable
for those materials that give a cool impression but
would merely play a facilitative role for materials pro-
ducing thermally neutral or warm impression.

In more recent studies, humans’ performance in
absolute recognition has been investigated in the con-
text of the development of thermal displays, which are
devices aiming to simulate materials based on thermal
cues (see section “Applications” for details). In those



studies, subjects were often presented with a set of
material samples prior to the experiment. They were
instructed to touch the samples and attend to the ther-
mal cues associated with each material. The formal
test would not start until they became familiar with
the temperature transients perceived when they
touched the materials presented to them ’>>>*>8383
This type of task requires memory of all temperature
changes perceived during the preparation phase to
correctly identify one temperature transient presented
in isolation; therefore, the performance in fact
depends on the materials selected in the set. For exam-
ple, Ino, Izumi, Takahashi and Ifukube®* examined
people’s performance with a set of material samples
including aluminum, glass, rubber, polyacrylate
(PVC), and wood and reported an overall correct rate
of 61%. The best performance was achieved with alu-
minum and wood (both over 80%). On the other
hand, in the experiment conducted by Ho and Jones,*
copper, stainless steel, granite, ABS, and foam were
used, and the results indicated an overall performance
of 55%, with foam being the most easily identified
material (100%) and copper the least (23%). The poor
performance for copper in Ho and Jones™ resulted
from the fact that another metal, stainless steel, was in
the set of the materials tested. Since the thermal cues
provided by copper and stainless steel were similar,
that is, in Katz’s words, both of them share the same
generic temperature gestalten, subjects were not able
to distinguish them. In another experiment performed
by Caldwell and Gosney,*” subjects were asked to
identify materials based on temperature transients
that had been recorded from a teleoperated robotic
hand as it made contact with a variety of objects (a
cube of ice, a soldering iron, insulating foam, and a
block of aluminum). The overall correct rate of this
particular task reached 80%. This excellent perfor-
mance presumably resulted from the large tempera-
ture transients they used to simulate materials, which
were not maintained at the same room temperature
(e.g., a cube of ice and a soldering iron).

Absolute recognition of material by touch in fact
involves other tactual cues, such as surface texture and
compliance. As such, it is expected that subjects” per-
formance would be better with real materials than
with simulated ones, as the former contains both ther-
mal and tactual cues and the latter can only provide
thermal cues. However, ample studies have shown
that subjects’ performance actually does not
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significantly differ between real and simulated materi-
als.’>*>% These studies indicate that thermal cues
alone can achieve a recognition rate comparable to
those encountered normally for identifying the mate-
rial composition of objects.

In the experiments discussed so far, thermal cues
were usually presented to the fingerpad of a single fin-
ger, which is quite different from the normal situation
where multiple fingers or the whole hand are involved
in the hand-object interaction. Given the pervasive-
ness of spatial summation in the thermal senses as dis-
cussed in section “Human thermal sensation”, the
performance in fact improves as the number of fingers
involved (contact area) increases. Yang, Kwon and
Jones>® presented thermal cues to one, three, or five
fingers. They found that when the thermal cues were
presented to a single finger, the subjects achieved a
recognition rate of 52% correct, which is comparable
to that achieved
improved to 63% and 67% correct with three and five

in other studies. Performance
fingers, respectively. Their results indicate that
increasing the thermal field of view does facilitate per-
formance in material recognition but that there is little
further benefit associated with presenting cues to five
as compared to three fingers.

Summary

Humans are well-equipped for recognizing an object’s
material based on thermal cues. In particular, the
ample amount of cold receptors in the skin, their
superior sensitivity for detecting decreases in skin
temperature, and their readily responses for dynamic
changes allow humans to extract material information
from objects readily. Adaptation, the predominant
feature, seems to prevent humans from functioning as
an accurate thermometer. However, its influence on
object temperature perception in fact allows estima-
tion of both absolute temperature and a change in
skin temperature in different temperature ranges. In
this way, it enables us to respond to extremely high or
low temperatures that would cause skin damage and
to detect changes from normal skin temperatures to
facilitate material recognition.

Our capacity to discriminate materials based on ther-
mal cues is mainly estimated in terms of the physical
properties of objects, such as their contact coefficient or
thermal diffusivity, which is straight-forward and useful
for practical design purposes. On the other hand, the
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Haptic interfaces

Reproduce the thermal
characteristics of an object

Virtual /
Remote object

Thermal
Feedback

Temperature £C)
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Identify materials through
touch
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Figure 5. Two major applications for material recognition based on thermal cues. In haptic interface applications, the thermal character-
istics of a virtual or a remote object can be reproduced by presenting thermal feedback generated based on the pre-recorded or pre-
dicted changes in skin temperature associated with touching the object. In tactile sensor applications, the material composition of an
unknown object can be ascertained by analyzing the temperature changes of the sensory body, which are elicited by the heat transfer

during the contact between the tactile sensor and the object.

capacity has also been estimated in terms of the features
of skin cooling curves, e.g., the initial cooling rate. This
type of estimation relates the skin temperature response
upon contact, which is directly input to the thermore-
ceptors, to human performance in material discrimina-
tion; thus, it can provide a hint about the thermal cues
used for material discrimination.

Absolute recognition of materials based on thermal
cues involves mapping the temperature changes per-
ceived upon contact to the internal representation of
the materials (temperature gestalt). When the hand-
object interaction scenario differs from the normal
conditions, such as when the object temperature is
higher than the skin temperature or the object in con-
tact is extremely thin, the performance degrades
because the skin temperature responses deviate from
the temperature gestalt held in the memory. This sug-
gests that unlike color perception, which remains rela-
tively constant under varying illumination conditions
(color consistency, see ref. 86), there might not be any
“material consistency” in material recognition based
on thermal cues. Nevertheless, under normal condi-
tions, humans exhibit fair performance in material
recognition based on thermal cues. The performance
is comparable between real materials, which contain
all aspects of tactual cues, and simulated materials,
which only contain the thermal characteristics of the

real materials, indicating that thermal information
alone is effective for material recognition.

Applications

Haptic interfaces—devices that communicate with the
user’s sensory system through tactile and force feed-
back—represent one of the major application domains
for material recognition based on thermal cues. By
reproducing changes in skin temperature upon contact
in a thermal display, the thermal characteristics of an
object and thermal sensations associated with the con-
tact can be reproduced to assist users in recognizing a
virtual object in virtual environments or a remote
object handled by teleoperated robotic systems (Fig. 5).

Over the past 20 years, various thermal displays
have been built to assist in material recognition by
simulating thermal cues associated with contact (for a
review, see ref. 17). These thermal displays typically
consist of thermal stimulators, thermal sensors, and a
temperature control system that is used to monitor
and control the surface temperature of the displays. In
the early stages of thermal display development, the
characterization of the changes in skin temperature
during contact was based on empirical data recorded
during hand-object interactions. Although these
empirical methods were straightforward, they were



time consuming and labor intensive because numer-
ous measurements had to be made in order to simu-
late every object and every environmental condition
that could appear in a virtual scenario. This limitation
was overcome when thermal modeling was introduced
to predict the skin temperature changes during con-
tact (model-based simulations, see Section “Thermal
modeling” for more details). However, as thermal
models typically involve assumptions and thus simpli-
fication of real-world situations, the rule of thumb for
model selection is to choose one where the assump-
tions match the particular contact scenario intended
to be simulated.

The performance of the thermal displays is com-
monly evaluated with physiological and psychophysi-
cal approaches. The physiological approach evaluates
the ability of the display to elicit changes in skin tem-
perature that are similar to those measured during
contact with a real object. There is generally a good
agreement between the changes in skin temperature
with the real and simulated materials; however, these
changes are often smaller than those predicted by the
thermal models. This discrepancy presumably results
from the localized nature of the change in skin tem-
perature and the extra thermal contact resistance
introduced by the skin-sensor-display interfaces. The
psychophysical approach evaluates the accuracy of a
thermal display in terms of its ability to generate
appropriate temperature impressions of materials.
This is usually evaluated by comparing the perfor-
mance of users as they try to discriminate and recog-
nize real materials and materials simulated by the
thermal display. User performance is generally com-
parable for real and simulated materials in both mate-
rial discrimination and recognition tasks. The overall
correct rate for material recognition tasks is typically
in the range of 50-60% for a set of five or six materials
spanning a wide range of thermal properties (see
section “Material recognition” for more details).

As the technology for material simulation matures,
recent thermal display development has started to
focus on further enhancing system performance by
utilizing the properties of human thermal perception.
For example, based on the well-known thermal refer-
ral illusion (see section “Human thermal sensation”
for details), Sato®” proposed a technique that can cre-
ate illusory thermal sensations at the fingerpad
through thermal stimulation at the finger side. This
technique allows the fingerpad to be free from direct
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contact with the thermal stimulator. Such a display
can be easily integrated with other haptic devices,
such as vibrators and electrotactile displays, to provide
a holistic image of objects. Another example is a ther-
mal display that utilized two characteristics of human
thermal perception: low spatial resolution and depen-
dence of detection threshold on adapting tempera-
ture.®® This display consisted of a 2 x 2 array of
Peltier devices, of which cooling and warming are pre-
sented by different sets of 2 Peltier devices arranged
diagonally. This configuration avoided the time
required for a single Peltier device to switch between
warming and cooling and because of the low spatial
resolution of thermal perception, users felt that the
entire surface is warm (or cold) even when only two
Peltier devices were activated. In addition, prior to the
presentation of warming (or cooling) stimuli, the cor-
responding Peltier devices slightly raised (or lowered)
the adapting temperature of the skin to reduce the
detection threshold for the upcoming warming (or
cooling) stimuli. As a result, it took less time for users
to detect the stimuli. As the limitations of the Peltier-
based displays mainly came from the slow response of
Peltier devices, these strategies provided a solution for
providing rapid temperature changes required in ther-
mal display applications.

Tactile sensors—devices that measure a given prop-
erty of an object or contact event through physical
contact between the sensor and the object®™—repre-
sent another application domain for material recogni-
tion based on thermal cues. When a tactile sensor is
brought into contact with an object, the object’s mate-
rial composition can be inferred from the temperature
changes of the tactile sensor itself, just as how humans
can recognize materials thermally during hand-object
interactions (see Fig. 5).

In the early stages of thermal sensing technology,
researches focused on the hardware development.”®”*
The most basic configuration of a tactile sensor for
thermal recognition consists of a heat source and a
thermal sensor embedded immediately underneath its
contact surface. The sensor body is usually heated prior
to contact to create a temperature difference to the tar-
get object. This temperature difference induces thermal
interaction between the sensor and the object and in
turn elicits temperature changes at the sensor body,
which are then used for material recognition. To
enhance the system performance, the tactile sensors
were often arranged in an array to ensure sufficient
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thermal contact™®?

and the choice and arrangement of
heat sources and thermal sensors were optimized to
reduce the response time of the tactile sensors.”!

As technology for sensor hardware becomes
mature, recent studies have started to incorporate
thermal sensing to multimodal tactile sensing hard-
ware to enhance recognition performance.”> > At the
same time, the development of tactile sensors for ther-
mal recognition has switched from hardware-centric
to algorithm-centric to improve the material classifica-
tion performance. Classifying materials based on the
sensor responses typically involves reference to a
material database. Different types of information has
been used for material classification: values that can
be readily compared with the measurement data, such
as the temperature transients’> and output responses
of the tactile sensor’s circuit;”' features that require
pre-processing of the raw data, such as the time deriv-
ative or the time constant of the temperature transi-
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ents;

the thermal properties that need to be
estimated from a thermal model.'® With the rise of
matching learning, the data-driven approach has now-
adays become the major algorithm for material classi-
fication. Material information gathered based on
thermal sensing and/or multimodal sensing have been
collected and trained with algorithms such as hidden
Markov models (HMMs), support vector machines
(SVMs), artificial neural networks (ANNS) etc.”®1%°

The accuracy of the thermal recognition ranges
between 50 and 100%. The performance is influenced
by various factors. A major factor is the duration of
contact. Prolong contact contains temperature infor-
mation in both early and late phases and thus yields
better performance (See section “Skin temperature
responses during contact” for details). Other factors,
such as the initial temperature of the tactile sensor
and the information used for classification (e.g., raw
data or the time derivative of the temperature transi-
ents) also have an effect on the performance.'” For
applications that utilize multi-modal recognition, i.e.,
recognition based on thermal and tactile information,
generally better performance can be obtained.

In summary, thermal cues play an important role in
the development of haptic interfaces and tactile sensor
applications. In the development of haptic interfaces,
thermal modeling is a common approach for charac-
terizing the skin temperature changes during contact.
By presenting the predicted temperature changes with
a display, haptic interfaces can assist in creating a

more realistic image of an object to enhance the user
experience in virtual environments. On the other
hand, in the development of tactile sensors, classifica-
tion is commonly based on trained measurement data
rather than thermal models. These tactile sensors
could assist in automatic object identification by pro-
viding information about a target object’s material
composition, which cannot be readily inferred from
state-of-the-art computer vision.

Conclusion

The ability to sense temperature is vital to our life. It sig-
nals environmental conditions and helps to regulate the
physiological conditions of our body. Besides its impor-
tant role in homeostasis, our temperature sense has
functional significance in environmental exploration
and object recognition. The coldness or warmness felt
by directly touching an object can provide information
about the object’s material composition and even geom-
etry, which is something that can’t be directly inferred
from the visual information that we rely on most of the
time. This unique characteristic makes material recogni-
tion based on thermal cues an important topic of study
in both science and engineering fields.

The changes in skin temperature upon touching an
object is the key to successful material recognition based
on thermal cues. Accordingly, a great effort has been
made to characterize the changes in skin temperature
during contact through both direct measurement and
thermal modeling. The analysis of cooling curves indi-
cates the two-phase nature of the skin temperature
responses. In the early phase, the skin basically can be
treated as an inanimate object with semi-infinite dimen-
sions, and its responses are well predicted by thermal
models. For the later phase, the process becomes more
complicated because of the involvement of blood perfu-
sion, metabolic heat generation, and the object’s geome-
try, and the prediction for prolonged contact still
requires improvement. This two-phase nature of the
skin cooling curve suggests that brief, incidental contact
and prolonged, intentional contact should be considered
independently in the processes involved in material rec-
ognition based on thermal cues.

How people perceive changes in skin temperature
upon contact depends on the properties of human
thermal perception. Because of the predominant adap-
tation effect, humans do not function as thermometers
but have superior sensitivity for the detection of



temperature changes. These properties have made
humans well-equipped for recognizing object material
based on thermal cues. The influences from the
thermo-tactile and thermo-visual interactions on
object temperature perception reflect the fact that
thermal information is not processed independently
for object recognition. As object recognition also
involves perception of other sensory properties, it is
important to understand how the brain integrates
thermal and other sensory information to reach a
material judgment.

People’s performance in material recognition based
on thermal cues is mainly evaluated in material dis-
crimination and material recognition tasks. Material
discrimination involves direct comparison of the per-
ceived coldness upon contact. The minimum difference
required for reliable discrimination has been estimated
in terms of thermal properties. Generally speaking, a
large difference in thermal properties, such as compari-
son between materials in different material categories,
is required for reliable discrimination. Absolute mate-
rial recognition based on thermal cues involves map-
ping between the perceived temperature changes to the
internal representation of the material and thus heavily
depends on prior experience and the set of materials
presented. In general, the overall recognition rate
depends on how distinct the thermal properties of the
materials in the set are. For performance with individ-
ual materials, a material with an extremely low or high
contact coefficients is easier to recognize than one with
intermediate contact coefficients. People’s performance
in material discrimination and recognition has been
tested with both real and simulated materials. The
results show that simulated cues can be used as effec-
tively as those associated with real materials. This pre-
sumably reflects the relatively simple processing
capacities of the thermal senses. Thermal stimulation is
encoded as being warm or cool, and it is then quanti-
fied in terms of intensity and duration. Therefore, as
long as the thermal feedback provided by a thermal
display reasonably characterizes the thermal interaction
between the hand and an object, it should be as effec-
tive as real materials.

Material recognition based on thermal cues has two
major applications. One is to facilitate material recog-
nition in virtual environments with haptic interfaces,
and the other is to assist automatic object recognition
with tactile sensors. Both applications are based on
the temperature transients elicited during contact.
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Haptic interfaces present the temperature transients
associated with making contact to simulate the ther-
mal characteristics of an object. As they serve to repro-
duce sensations associated with contact to human
users, besides simply reproducing the temperature
transients, researchers in this field also utilize the
properties of human thermal perception to enhance
their performance. On the other hand, tactile sensors
measure the temperature transient upon touching a
material and compare it to a database for classifica-
tion. As their goal is to classify unknown materials
effectively, efforts have been made to determine the
best features, contact duration, and training algo-
rithms to improve the recognition performance.

In summary, there has been considerable progress in
understanding and modeling the heat transfer process
during hand-object interactions. How much thermal
cues can contribute to material discrimination and rec-
ognition has also been examined by various research
groups. This research has contributed to a better
understanding of the object temperature perception,
and it also serves as a basis for engineering applica-
tions, such as haptic interfaces and tactile sensors.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

About the author

e Hsin-Ni Ho received the PhD
; degree in Mechanical Engi-
neering at the Massachusetts
Institute of Technology in
2006. Currently, she works as a
senior research scientist at the
NTT Communication Science
Laboratories, Japan. She is an
editorial board member of the
journal  Temperature. Her
research interests include ther-
mal and tactile perception,
multimodal interactions, and
development of haptic interfaces on the basis of human per-
ceptual properties.

References

1. Katz D. The world of touch. Hillsdale, NJ: Lawrence Erl-
baum Associates; 1989.

2. Lederman S§J, Klatzky RL. Hand movements: A window
into haptic object recognition. Cogn Neurosci.



52 (&) H-N.HO

10.

11.

12.

13.

14.

15.

16.

17.

18.

1987;19:342-368. https://doi.org/10.1016/0010-0285(87)
90008-9. PMID:3608405

Bergmann Tiest WM. Tactual perception of material
properties. Vision Res. 2010;50:2775-2782. https://doi.
org/10.1016/j.visres.2010.10.005. PMID:20937297
Gueorguiev D, Bochereau S, Mouraux A, Hayward V,
Thonnard J. Touch uses frictional cues to discriminate
flat materials. Sci. Rep. 2016;6:25553. https://doi.org/
10.1038/srep25553. PMID:27149921

Okamoto S, Nagano H, Ho H-N. Psychophysical dimen-
sions of material perception and methods to specify tex-
tural space. In: Kajimoto H, Saga S, Konyo M, editors.
Pervasive haptics. Tokyo, Japan: Springer; 2016. p. 3-20.
Verrillo RT, Bolanowski SJ, Checkosky CM, McGlone
FP. Effects of hydration on tactile sensation. Somatosens
Mot  Res. 1998;15:93-108.  https://doi.org/10.1080/
08990229870826. PMID:9730110

Havenith G, van de Linde EJG, Heus R. Pain, thermal
sensation and cooling rates of hands while touching cold
materials. Eur ] Appl Physiol. 1992;65:43-51. https://doi.
org/10.1007/BF01466273

Mills AF. Heat transfer. Upper Saddle River, NJ: Prentice
Hall; 1999.

Sarda A, Deterre R, Vergneault C. Heat perception meas-
urements of the different parts found in a car passenger
compartment. Measurement. 2004;35:65-75. https://doi.
org/10.1016/j.measurement.2003.08.018

Pennes HH. Analysis of tissue and arterial blood temper-
atures in the resting forearm. J. Appl. Physiol. 1948;1:93-
122. PMID:18887578

Wissler EH Pennes’ 1948 paper revisited. J. Appl. Physiol.
1998;85(1):35-41. PMID:9655751

Ho H-N, Jones LA. Infrared thermal measurement sys-
tem for evaluating model-based thermal displays. Pro-
ceedings of World Haptics Conference; 2007.

Cohen ML. Measurement of the thermal proeprties of
human skin, a review. J. Invest. Dermatol. 1977;69:333-
338. https://doi.org/10.1111/1523-1747.ep12507965
Yovanovich MM. Thermal contact correlations. In: Hor-
ton TE, editor. Spacecraft radiative transfer and tempera-
ture control. New York: ATAA; 1982. p. 83-95.

Maamir F, Guiatni M, Morsly Y, Kheddar A. Pso algo-
rithm based thermal contact resistance estimation for
variable force hand/object interaction. 22nd mediterra-
nean conference on control and automation (med); 2014,
Palermo, Italy.

Saggin B, Tarabini M, Lanfranchi G. A device for the skin-
contact thermal resistance measurement. IEEE Trans. Ins-
trum. Meas. 2012;61(2):489-495. https://doi.org/10.1109/
TIM.2011.2169179

Jones LA, Ho H-N. Warm or cool, large or small? The
challenge of thermal displays. IEEE Trans Haptics.
2008;1(1):53-70. https://doi.org/10.1109/TOH.2008.2.
PMID:27788084

Bergmann Tiest WM, Kappers AML. Tactile perception of
thermal diffusivity. Atten Percept Psychophys. 2009;71
(3):481-489. https://doi.org/10.3758/ APP.71.3.481

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Molnar GW Analysis of the rate of digital cooling. J.
Physiol. (Paris). 1971;63:350-352. PMID:5121945
Schneider AM, Holcombe BV. Properties influencing cool-
ness to the touch of fabrics. Text. Res. J. 1991;61(8):488-
494. https://doi.org/10.1177/004051759106100810

Newton I. A scale of the degrees of heat (english transla-
tion of scala graduum caloris; original work published
1701). In philosophical transactions and collections to
the end of the year 1720 abridged and disposed under
general heads. London: Royal Society; 1809. p. 572-
575.

Chen F, Nilsson H, Holmér I. Cooling responses
of finger in contact with an aluminum surface. Am Ind
Hyg Assoc J. 1994;55:218-222. https://doi.org/10.1080/
15428119491019050. PMID:8184801

Chen F, Nilsson H, Holmer I. Cooling of fingerpad
touching different material surfaces. Fifth International
Conference on Environmental Ergonomics; 1992
November 2-6; Maastricht.

Jay O, Havenith G. Skin cooling on contact with cold
materials: The effect of blood flow during short-term
exposures. Ann Occup Hyg. 2004;48(2):129-37. PMID:
14990434

Ho H-N. Influence of object geometry on skin tempera-
ture responses during hand-object interactions. Euro-
Haptics 2016 Proceedings; 2016; London, UK: Springer.
Chen F, Nilsson H, Holmer I. Finger cooling by contact
with cold aluminium surfaces - effects of pressure, mass
and whole body thermal balance. Eur ] Appl Physiol.
1994;69:55-60. https://doi.org/10.1007/BF00867928

Galie J, Ho H-N, Jones LA. Influence of contact condi-
tions on thermal responses of the hand. Third Joint Euro-
haptics Conference and Symposium on Haptic Interfaces
for Virtual Environment and Teleoperator Systems; 2009
March 18-20; Salt Lake City, UT, USA.

Ho H-N, Jones LA. Modeling the thermal responses of
the skin surface during hand-object interactions.
J Biomech Eng. 2008;130(2):21005-1-8. https://doi.org/
10.1115/1.2899574

Mascaro SA, Asada HH. Photoplethysmograph fingernail
sensors for measuring finger forces without haptic obstruc-
tion. IEEE Trans. Robot. Autom. 2001;17:698-708. https://
doi.org/10.1109/70.964669

Lienhard JHI, Lienhard JHV. A heat transfer textbook.
Cambridge, MA: Phlogiston Press; 2003.

Incropera FP, DeWitt DP. Fundamentals of heat and
mass transfer. New York: Wiley; 1996.

Ho H-N, Jones LA. Contribution of thermal cues to
material discrimination and localization. Percept
Psychophys. 2006;68:118-128. https://doi.org/10.3758/
BF03193662

Yamamoto A, Cros B, Hasgimoto H, Higuchi T. Control
of thermal tactile display based on prediction of contact
temperature. Proceedings of the IEEE International Con-
ference on Robotics and Automation; 2004.

Yang G, Kyung K, Srinivasan MA, Kwon D. Quantitative
tactile display device with pin-array type tactile feedback


https://doi.org/10.1016/0010-0285(87)90008-9
https://doi.org/10.1016/0010-0285(87)90008-9
https://www.ncbi.nlm.nih.gov/pubmed/3608405
https://doi.org/10.1016/j.visres.2010.10.005
https://www.ncbi.nlm.nih.gov/pubmed/20937297
https://doi.org/10.1038/srep25553
https://www.ncbi.nlm.nih.gov/pubmed/27149921
https://doi.org/10.1080/08990229870826
https://doi.org/10.1080/08990229870826
https://www.ncbi.nlm.nih.gov/pubmed/9730110
https://doi.org/10.1007/BF01466273
https://doi.org/10.1016/j.measurement.2003.08.018
https://www.ncbi.nlm.nih.gov/pubmed/18887578
https://www.ncbi.nlm.nih.gov/pubmed/9655751
https://doi.org/10.1111/1523-1747.ep12507965
https://doi.org/10.1109/TIM.2011.2169179
https://doi.org/10.1109/TIM.2011.2169179
https://doi.org/10.1109/TOH.2008.2
https://www.ncbi.nlm.nih.gov/pubmed/27788084
https://doi.org/10.3758/APP.71.3.481
https://www.ncbi.nlm.nih.gov/pubmed/5121945
https://doi.org/10.1177/004051759106100810
https://doi.org/10.1080/15428119491019050
https://doi.org/10.1080/15428119491019050
https://www.ncbi.nlm.nih.gov/pubmed/8184801
https://www.ncbi.nlm.nih.gov/pubmed/14990434
https://doi.org/10.1007/BF00867928
https://doi.org/10.1115/1.2899574
https://doi.org/10.1109/70.964669
https://doi.org/10.3758/BF03193662
https://doi.org/10.3758/BF03193662

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

and thermal feedback. Proceedings of the IEEE Interna-
tional Conference on Robotics and Automation; 2006.
Ho H-N, Jones LA. Development and evaluation of a ther-
mal display for material identification and discrimination.
ACM Trans Appl Percept. 2007;4(2):1-24. https://doi.org/
10.1145/1265957.1265962

Ho H-N, Jones LA. Thermal model for hand-object inter-
actions. Proceedings of the IEEE Symposium on Haptic
Interfaces for Virtual Environment and Teleoperator Sys-
tems; 2006.

Bergmann Tiest WM. An experimentally verified model
of the perceived ‘coldness’ of objects. Proceedings of
World Haptics Conference 2007; 2007.

Yang G, Kwon D, Jones LA. Spatial acuity and summation
on the hand: The role of thermal cues in material discrimi-
nation. Atten Percept Psychophys. 2009;71(1):156-163.
https://doi.org/10.3758/APP.71.1.156

Yang G, Jones LA, Kwon D. Use of simulated thermal
cues for material discrimination and identification with a
multi-fingered display. Presence. 2008;17:29-42. https://
doi.org/10.1162/pres.17.1.29

Benali-Khoudja M, Hafez M, Alexandre JM, Benachour J,
Kheddar A. Thermal feedback model for virtual reality.
Proceedings of the International Symposium on Micro-
mechatronics and Human Science; 2003.

Bergamasco M, Alessi AA, Calcara M. Thermal feedback
in virtual environments. Presence. 1997;6:617-629.
https://doi.org/10.1162/pres.1997.6.6.617

Kron A, Schmidt G. Multi-fingered tactile feedback from
virtual and remote environments. Proceedings of the
IEEE Symposium on Haptic Interfaces for Virtual Envi-
ronment and Teleoperator Systems. 2003:16-23.

Deml B, Mihalyi A, Hanning G. Development and exper-
imental evaluation of a thermal display. Proceedings of
2006 EuroHaptics; 2006.

Craig AD. Temperature sensation. In: Squire LR, editor,
Encyclopedia of Neuroscience. Oxford: Academic Press;
2009. p. 903-907.

Darian-Smith I. Thermal sensibility. In: Darian-Smith I, edi-
tor. Handbook of physiology: The nervous system. Bethesda,
MD: American Physiological Society; 1984. p. 879-913.
Brown AC. Somatic sensation: Peripheral aspects. In:
Patton HD, editor. Textbook of physiology. Philadelphia:
Saunders; 1989. p. 298-308.

Spray DC. Cutaneous temperature receptors. Annu. Rev.
Physiol.  1986;48:625-638.  https://doi.org/10.1146/
annurev.ph.48.030186.003205. PMID:3085583

Duclaux R, Kenshalo DR. Response characteristics of
cutaneous warm receptors in the monkey. J. Neurophy-
siol. 1980;43(1):1-15. PMID:6766177

Kenshalo DR, Duclaux R. Response characteristics of
cutaneous cold receptors in the monkey. J. Neurophysiol.
1977;40(2):319-332. PMID:403250

Kenshalo DR. Correlations of temperature sensitivity in
man and monkey, a first approximation. In: Zotterman
Y, editor. Sensory functions of the skin with special refer-
ence to man. Oxford: Pergamon Press; 1976. p. 305-330.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

TEMPERATURE (&) 53

Bowsher D. Representation of somatosensory modalities
in pathways ascending from the spinal anterolateral funic-
ulus to the thalamus demonstrated by lesions in man. Eur.
Neurol. 2005;54:14-22. doi:10.1159/000086884. https://doi.
0rg/10.1159/000086884. PMID:16015016

Mountcastle VB. Duality of function in the somatic effer-
ent system. In: Brazier MAB, editor. Brain and behavior.
Washington, DC: American Institute of Biological Sci-
ence; 1961. p. 67.

Mountcastle VB, Powell TPS. Neural mechanisms sub-
serving cutaneous sensibility. Bulletin of the Johns Hop-
kins Hospital. 1959;105:201-232. PMID:14424738

Craig AD, Chen K, Bandy D, Reiman EM. Thermosensory
activation of insular cortex. Nat. Neurosci. 2000;3(2):184-
190. https://doi.org/10.1038/72131. PMID:10649575

Hua LH, Strigo IA, Baxter LC, Johnson SC, Craig AD.
Anteroposterior somatotopy of innocuous cooling activa-
tion focus in human dorsal posterior insular cortex. Am J
Physiol Regul Integr Comp Physiol. 2005;289:319-325.
doi:10.1152/ajpregu.00123.2005. https://doi.org/10.1152/
ajpregu.00123.2005

Johnson KO, Darian-Smith I, LaMotte C. Peripheral neu-
ral determinants of temperature discrimination in man:
A correlative study of responses to cooling skin. J. Neuro-
physiol. 1973;36:347-370.

Johnson KO, Darian-Smith I, LaMotte C, Johnson B,
Oldfield S. Coding of incremental changes in skin tem-
perature by a population of warm fibers in the monkey:
Correlation with intensity discrimination in man. J. Neu-
rophysiol. 1979;42:1332-1353. PMID:114610

Stevens JC, Choo KC. Temperature sensitivity of the
body surface over the life span. Mot. Res. 1998;15:13-28.
https://doi.org/10.1080/08990229870925

Stevens JC. Thermal sensibility. In: Heller MA, Schiff W,
editors. The psychology of touch. Hillsdale, NJ: Lawrence
Erlbaum; 1991. p. 61-90.

Tritsch MK. The veridical perception of object tempera-
ture with varying skin temperature. Percept Psychophys.
1988;43:531-540. https://doi.org/10.3758/BF03207741
Cain WS. Spatial discrimination of cutaneous warmth.
Am ] Psychol. 1973;86:169-181. https://doi.org/10.2307/
1421858. PMID:4742384

Marks LE, Stevens JC. Spatial summation of warmth:
Influence of duration and configuration of the stimulus.
Am ] Psychol. 1973;86:251-267. https://doi.org/10.2307/
1421436. PMID:4775377

Taus RH, Stevens JC, Marks LE. Spatial localization of
warmth. Percept Psychophys. 1975;17:194-196. https://
doi.org/10.3758/BF03203885

Stevens JC, Marks LE. Spatial summation of cold. Phys-
iol. Behav. 1979;22:541-547. https://doi.org/10.1016/
0031-9384(79)90023-4

Rozsa AJ, Kenshalo DR. Bilateral spatial summation of cool-
ing of symmetrical sites. Percept Psychophys. 1977;21:455-
462. https://doi.org/10.3758/BF03199502

Hardy JD, Oppel TW. Studies in temperature sensation.
III. The sensitivity of the body to heat and the spatial


https://doi.org/10.1145/1265957.1265962
https://doi.org/10.3758/APP.71.1.156
https://doi.org/10.1162/pres.17.1.29
https://doi.org/10.1162/pres.1997.6.6.617
https://doi.org/10.1146/annurev.ph.48.030186.003205
https://doi.org/10.1146/annurev.ph.48.030186.003205
https://www.ncbi.nlm.nih.gov/pubmed/3085583
https://www.ncbi.nlm.nih.gov/pubmed/6766177
https://www.ncbi.nlm.nih.gov/pubmed/403250
https://doi.org/10.1159/000086884
https://doi.org/10.1159/000086884
https://www.ncbi.nlm.nih.gov/pubmed/16015016
https://www.ncbi.nlm.nih.gov/pubmed/14424738
https://doi.org/10.1038/72131
https://www.ncbi.nlm.nih.gov/pubmed/10649575
https://doi.org/10.1152/ajpregu.00123.2005
https://doi.org/10.1152/ajpregu.00123.2005
https://doi.org/10.1152/ajpregu.00123.2005
https://www.ncbi.nlm.nih.gov/pubmed/114610
https://doi.org/10.1080/08990229870925
https://doi.org/10.3758/BF03207741
https://doi.org/10.2307/1421858
https://doi.org/10.2307/1421858
https://www.ncbi.nlm.nih.gov/pubmed/4742384
https://doi.org/10.2307/1421436
https://doi.org/10.2307/1421436
https://www.ncbi.nlm.nih.gov/pubmed/4775377
https://doi.org/10.3758/BF03203885
https://doi.org/10.1016/0031-9384(79)90023-4
https://doi.org/10.1016/0031-9384(79)90023-4
https://doi.org/10.3758/BF03199502

54 H-N. HO

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

summation of the end organ responses. J Clin Invest.
1937;16:533-540. https://doi.org/10.1172/JCI100879.
PMID:16694500

Green BG. Localization of thermal sensation: An illusion
and synthetic heat. Percept Psychophys. 1977;22:331-
337. https://doi.org/10.3758/BF03199698

Green BG. Referred thermal sensations: Warmth versus
cold. Sens Processes. 1978;2:220-230. PMID:749203

Ho H-N, Watanabe J, Ando H, Kashino M. Somatotopic
or spatiotopic? Frame of reference for localizing thermal
sensations under thermo-tactile interactions. Atten Per-
cept Psychophys. 2010;72(6):1666-1675. https://doi.org/
10.3758/APP.72.6.1666

Ho H-N, Watanabe J, Ando H, Kashino M. Mechanisms
underlying referral of thermal sensations to sites of tactile
stimulation. ] Neurosci. 2011;31(1):208-213. https://doi.
org/10.1523/JNEUROSCI.2640-10.2011. PMID:21209206
Winzen ], Albers F, Marggraf-Micheel C. The influence
of coloured light in the aircraft cabin on passenger ther-
mal comfort. Light Res Technol. 2014;46(4):465-475.
Berry PC. Effect of colored illumination upon perceived
temperature. J. Appl. Psychol. 1961;45(4):248-250.
https://doi.org/10.1037/h0040221

Ho H-N, Iwai D, Yoshikawa Y, Watanabe J, Nishida S.
Combining colour and temperature: A blue object is
more likely to be judged as warm than a red object. Sci
Rep. 2014;4:5527.

Ho H-N, Iwai D, Yoshikawa Y, Watanabe J, Nishida S.
Impact of hand and object colors on object temperature
perception. Temperature. 2015;2(3):344-345. https://doi.
org/10.1080/23328940.2015.1078926

Sanchez-Vives MV. What feels warmer? A red skin ver-
sus a red object. Temperature. 2015;2(3):339-340. https://
doi.org/10.1080/23328940.2015.1062074

Bergmann Tiest WM, Kappers AML. Thermosensory
reversal effect quantified. Acta Psychol. 2008;127:46-50.
https://doi.org/10.1016/j.actpsy.2006.12.006.
PMID:17306203

Dyck PJ, Curtis DJ, Bushek W, Offord K. Description of
“minnesota thermal disks” and normal values of cutaneous
thermal discrimination in man. Neurology. 1974;24:325-
330. https://doi.org/10.1212/WNL.24.4.325. PMID:4361767
Jones LA, Berris M. The psychophysics of temperature
perception and thermal-interface design. Proceedings of
the 10th Symposium On Haptic Interfaces For Virtual
Environment & Teleoperator Systems; 2002.

Jones LA, Berris M. Material discrimination and thermal
perception. Proceedings of the 11th International Sym-
posium on Haptic Interfaces for Virtual Environment
and Teleoperator Systems; 2003.

Lederman SJ, Klatzky RL. Relative availability of surface and
object properties during early haptic Processing. J. Exp. Psy-
chol.-Hum. Percept. Perform. 1997;23: 1680-1707.

Plaisier MA, Kappers AML. Cold Objects Pop Out!. In:
Kappers AML, van Erp JBF, Bergmann Tiest WM, van
derHelm FCT, editors. Haptics: Generating and Perceiv-
ing Tangible Sensations. EuroHaptics 2010. Lecture

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Notes in Computer Science. Berlin, Heidelberg: Springer;
2010. p. 219-224.

Ho H-N, Sato K, Kuroki S, Watanabe ], Maeno T,
Nishida S. Physical-perceptual correspondence for
dynamic thermal stimulation. IEEE Trans Haptics.
2017;10(1):84-93. https://doi.org/10.1109/
TOH.2016.2583424. PMID:27483490

Ho H-N, Jones LA. Material identification using real and
simulated thermal cues. Proceedings of 26th Annual
International Conference of the IEEE Engineering in
Medicine and Biology Society; 2004.

Ino S, Shimizu S, Odagawa T, Sato M, Takahashi M,
Izumi T, Ifukube T. A tactile display for presenting qual-
ity of materials by changing the temperature of skin sur-
face. IEEE International Workshop on Robot and
Human Communication; 1993.

Caldwell DG, Gosney C. Enhanced tactile feedback (tele-
taction) using a multi-functional sensory system. Pro-
ceedings of the IEEE International Conference on Robot-
ics and Automation; 1993.

Wandell BA. Foundations of vision. Sunderland, MA:
Sinauer Associates; 1995.

Sato K, Augmentation of thermal sensation on finger pad
using stimuli for finger side. In: EuroHaptics 2016. Lon-
don: Springer; 2016.

Sato K, Maeno T. Presentation of Sudden Temperature
Change Using Spatially Divided Warm and Cool Stimuli.
In: Isokoski P, Springare ], editors. Haptics: Perception,
Devices, Mobility, and Communication. EuroHaptics
2012. Lecture Notes in Computer Science. Berlin, Heidel-
berg: Springer; 2012. p.457-468.

Lee MH, Nicholls HR. Tactile sensing for mechatronics—
a state of the art survey. Mechatronics. 1999;9(1):1-31.
https://doi.org/10.1016/S0957-4158(98)00045-2

Russell RA. A thermal sensor array to provide tactile
feedback for robots. Int ] Rob Res. 1985;4(3):35-39.
https://doi.org/10.1177/027836498500400303

Monkman GJ, Taylor PM. Thermal tactile sensing. IEEE
International Conference on Robotics and Automation.
1993. p. 313-318.

Siegel D, Garabieta I, Hollerbach JM. An integrated tac-
tile and thermal sensor. IEEE International Conference
on Robotics and Automation. 1986. p. 1286-1291.

Lin CH, Erickson TW, Fishel JA, Wettels N, Loeb GE.
Signal processing and fabrication of a biomimetic tactile
sensor array with thermal, force and microvibration
modalities. 2009 IEEE International Conference on
Robotics and Biomimetics; 2009.

Mittendorfer P, Cheng G. Humanoid multimodal tactile-
sensing modules. IEEE Transactions on Robotics. 2011;27
(3):401-410. https://doi.org/10.1109/TRO.2011.2106330
Yuji JI, Shida K. A new multifunctional tactile sensing
technique by selective data processing. IEEE Trans Ins-
trum  Meas. 2000;49(5):1091-1094.  https://doi.org/
10.1109/19.872935

Takamuku S, Iwase T, Hosoda K. Robust material dis-
crimination by a soft anthropomorphic finger with


https://doi.org/10.1172/JCI100879
https://www.ncbi.nlm.nih.gov/pubmed/16694500
https://doi.org/10.3758/BF03199698
https://www.ncbi.nlm.nih.gov/pubmed/749203
https://doi.org/10.3758/APP.72.6.1666
https://doi.org/10.1523/JNEUROSCI.2640-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21209206
https://doi.org/10.1037/h0040221
https://doi.org/10.1080/23328940.2015.1078926
https://doi.org/10.1080/23328940.2015.1062074
https://doi.org/10.1016/j.actpsy.2006.12.006
https://www.ncbi.nlm.nih.gov/pubmed/17306203
https://doi.org/10.1212/WNL.24.4.325
https://www.ncbi.nlm.nih.gov/pubmed/4361767
https://doi.org/10.1109/TOH.2016.2583424
https://doi.org/10.1109/TOH.2016.2583424
https://www.ncbi.nlm.nih.gov/pubmed/27483490
https://doi.org/10.1016/S0957-4158(98)00045-2
https://doi.org/10.1177/027836498500400303
https://doi.org/10.1109/TRO.2011.2106330
https://doi.org/10.1109/19.872935

97.

98.

tactile and thermal sense. IEEE/RS] International
Conference on Intelligent Robots and Systems; 2008.
p- 3977-3982.

Engel J, Chen N, Tucker C, Liu C, Kim S, Jones D. Flexi-
ble multimodal tactile sensing system for object identifi-
cation. IEEE Conference on Sensors; 2006. p. 563-566.
Xu D, Loeb GE, Fishel JA. Tactile identification of
objects using bayesian exploration. IEEE International
Conference on Robotics and Automation; 2013. p.
2056-3061.

99.

100.

TEMPERATURE (&) 55

Kerr E, McGinnity TM, Coleman S. Material classifica-
tion based on thermal properties — a robot and human
evaluation. IEEE International Conference on Robotics
and Biomimetics; 2003. p. 1048-1053.

Bhattacharjee T, Wade J, Kemp CC. Material recognition
from heat transfer given varying initial conditions and
short-duration contact. In: Robotics: Science and sys-
tems. Rome, Italy; 2015.



	Abstract
	Introduction
	Physical process
	Physical factors that influence the heat transfer process
	Skin temperature responses during contact
	Thermal modeling
	Summary

	Perceptual and cognitive processes
	Human thermal sensation
	Material discrimination
	Material recognition
	Summary

	Applications
	Conclusion
	Disclosure of potential conflicts of interest
	Notes on contributors
	References

