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Abstract. This experiment was focused on determining whether the spatial rep-
resentation of thermal stimuli is influenced by the temporal parameters of stimu-
lation as has been demonstrated for tactile stimuli. Four warm thermal pulses
within the innocuous range of temperatures were presented on the forearm in
varying spatial and temporal sequences. Participants indicated the perceived lo-
cation of the first two pulses in the four-pulse sequence after each trial. The re-
sults indicate that the perceived position of the second pulse changed substan-
tially in the direction of the third pulse when the interval between the pulses was
brief (0.2s). Atlonger intervals there was no change in perceived location. These
results indicate that despite the limitations in the spatial and temporal processing
of thermal stimuli, somatotopic information appears to be integrated similarly for
tactile and thermal stimuli.

1 Introduction

Perceptual illusions have often been studied to reveal the mechanisms involved in per-
ceiving the external environment and to understand the conditions under which discrep-
ancies emerge between a physical stimulus and its corresponding percept. Much of the
research on perceptual illusions has focused on vision, although tactile and haptic illu-
sions have been of interest to those involved in the design of haptic displays [1] [2]. For
these devices it has been shown that by selecting particular spatial and temporal se-
quences of motor activation it is possible to create a display with a higher perceived
spatial resolution than is implied by the number of actuators actually present [3] [4].
Haptic illusions have also been used to evaluate the degree of realism in virtual envi-
ronments by measuring the strength of an illusion in the real and simulated environment
[5].

A number of tactile illusions involve distortions in the spatial representation of tac-
tile stimuli applied to the skin, such as the perceived location of the stimulus or the
perceived distance between points of stimulation. Such illusions typically result from
interactions between the temporal and spatial properties of the stimuli and show how
the spatial representation of stimuli on the skin critically depends on the temporal prop-
erties of stimulation. One of the classic demonstrations of these effects involves pre-
senting three equally spaced tactile stimuli successively on the skin of the forearm and
asking subjects to judge whether the distance between the first and second stimulus is
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equal to, or shorter or longer than the distance between the second and third stimulus.
Subjects overwhelmingly judge the distance to be shorter when the temporal interval
between the first and second stimulus is brief (250 ms) and longer with greater temporal
intervals (500 ms). This illusion which demonstrates the dependence of space on time
in estimations of tactile space is known as the tau effect and has also been shown to
occur in vision and audition [6]. It is often not observed at very short time intervals, but
it can occur tactually when there are long delays (1500 ms) between the two pairs of
comparison stimuli. It has been suggested that the ratio between the two temporal in-
tervals should not be greater than 3 to 4 to 1 for the illusion to occur [7].

In contrast to the considerable research on tactile spatial illusions, there have been
relatively few reports of spatio-temporal illusions involving the thermal sensory sys-
tem. A serendipitous observation was reported by R6zsa and Kenshalo [8] during their
experiments on spatial summation of cooling pulses delivered to each forearm. They
noted that when there was a delay of about 250 ms between the onsets of the tempera-
ture change in the two arms, subjects reported that a cool sensation appeared to move
from one forearm to the other. This apparent movement persisted until the onset inter-
val between the two stimuli was less than 100 ms. In an earlier study by Békésy [9] on
heat sensations on the skin he noted that when two stimuli with no time delay between
them were applied to two fingers spaced apart, a sensation of heat could occur outside
the skin as if it was “floating in the air” between the fingers. He also observed that the
sensation of heat arising from two stimuli spaced 140 mm apart could move from one
stimulus to the other as a function of the delay between the stimuli. These studies sug-
gest that the spatio-temporal interactions reported for other sensory modalities also ap-
ply to thermal sensory processing. However, the boundary conditions that define when
these illusions occur thermally have not been specified. In contrast to the sense of touch,
the ability to localize precisely thermal stimulation is limited and as compared to other
sensory systems the thermal senses are relatively sluggish [10].

In a recent study Singhal and Jones [11] demonstrated that when four cooling pulses
were presented on the forearm in varying spatial and temporal sequences, the perceived
position of the second pulse changed as a function of temporal interval and distance
between the pulses. When the onset interval between the second and third pulse was
brief (0.2 s) and the distance between them greater, the perceived position of the second
pulse moved by up to 43-59 mm in the direction of the third pulse which was delivered
150 mm from the second pulse. At longer intervals and shorter distances there was no
change in its perceived location.

The present experiment was designed to evaluate whether the perceived location of
a warm stimulus also changes as a function of the temporal parameters of stimulation.
It was hypothesized that spatio-temporal interactions for warm stimuli may be less ro-
bust and more variable than those found for cold because of the decreased sensitivity
of all body regions for warmth as compared to cold [12] [13]. In addition, the time to
detect warm sensations is longer than that for cold which is presumably a consequence
of the slower conduction velocity of warm afferent fibers (1-2 m/s) as compared to cold
fibers (10-20 m/s) [14] [15].



2 Experimental Design

Thermal stimuli in the form of short pulses were delivered to the forearm using a ther-
mal display. These stimuli varied with respect to the location at which they were pre-
sented on the arm and the delays between pulses.

2.1  Participants

Ten normal healthy males ranging in age from 24 to 36 years old (mean: 28 years)
participated in the experiments. They had no known abnormalities of the skin or pe-
ripheral sensory or vascular systems. None of the participants had any significant ex-
perience in thermal perception studies. They all signed an informed consent form that
was approved by the MIT Committee on the Use of Humans as Experimental Subjects.

2.2 Apparatus

A thermal display based on Peltier devices provided the thermal inputs to the skin. The
display consisted of three thermoelectric modules (Model TE-83-1.0-1.5, TE Technol-
ogy, Inc.) 22 mm x 19 mm x 3.8 mm, with a center-to-center distance between the
modules of 75 mm. The contact area on the skin for each module was 418 mm?. Laser-
cut acrylic sheets enclosed the display and on the top surface the acrylic sheet was flush
with the Peltier devices so that the locations of the Peltier modules were tactually im-
perceptible. Fans were mounted in the display to provide convection cooling. Fig. 1
shows the assembled thermal display with the Peltier modules, heat sink and fans.
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Fig. 1. (a) Thermal display assembly with three Peltier modules, heat sink and fans. (b) The po-
sition of the forearm on the thermal display.

Five thermistors (Model 56 A1002-C8, Alpha Technics; 457 um in diameter and 3.18
mm in length) recorded the temperature of the Peltier modules and the skin during the
experiment. The display temperature was controlled using a feedback loop with tem-
perature input from the thermistors placed on each Peltier surface. Two other thermis-



tors measured the temperature of the skin in regions not in contact with the Peltier de-
vices. Fig. 2 provides a schematic illustration of the position of the Peltier devices and
thermistors on the arm.

National Instruments modules (Model NI cDAQ-9174, NI 9263, NI 9474, N19205)
were used for data acquisition and independent feedback control of each of the Peltier
devices. A graphical user interface (GUI) based on LabVIEW (National Instruments)
was used to control the temperature of the Peltier modules and continuously record the
skin temperature at 1 kHz. At the start of each trial skin temperature was used as the
calibration temperature and the display was set to this temperature. This meant that the
same relative stimulus was delivered to all participants. When each trial was completed
the temperature of the display returned to the calibration temperature. Participants rec-
orded their responses using a GUI running on a separate computer.
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Fig. 2. (a) Schematic illustration of the thermal display with the Peltier modules mounted on
heat sink. Thermistors measured the temperature of the modules and skin on the forearm. (b)
The numbering of the Peltier modules in contact with the forearm, and the position of thermis-
tors measuring skin temperature.



2.3 Thermal Patterns

The thermal stimuli were composed of four short temperature pulses (A, B, C and
D), all of which had the same amplitude (AT) of 6 °C and pulse duration (tp) of 2 s.
There was a fixed interval of 4 s which is twice the pulse duration (2t,), between the
onset of Pulse A and B, and between Pulse C and D. A schematic illustration of the
different parameters of the patterns is shown in Fig. 3. Prior to the start of Pulse A, the
temperature of all three Peltier modules (P1, P2 and P3 as numbered from the elbow)
was set at the mean skin temperature (Tswin) for 5 s (tc) as measured simultaneously at
two locations on the arm not in contact with the Peltier modules. The first location was
midway between Peltier 1 and 2 (P1 and P2), and the second was between P2 and P3.
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Fig. 3. Different parameters of the four temperature pulses used to create the patterns.

Eight different thermal patterns were created by varying the delay between pulse B
and C, the direction of activation of the Peltier devices and the specific Peltier modules
warmed as shown in Table 1. In the first sequence (AB-C-D), all the Peltier modules
(P1, P2, P3) were activated with at least one pulse whereas in the second sequence (AB-
CD) the second Peltier (P2) was maintained at the mean skin temperature and two
pulses were delivered to P1 (or P3) and then to P3 (or P1). With a delay of 4 s between
Pulse B and C, the pulses were evenly distributed in time. A shorter onset delay of 0.2
s was chosen to determine whether the perceived position of the second pulse changed
as a function of the delay between the pulses. Depending on the direction of activation,
Pulses A, B, and D were always presented at either the first (P1) or third Peltier (P3)
module. Similarly, the direction of activation also determined the location of Pulse C.
Each pattern was presented 5 times, giving a total of 40 trials for each participant. The
order of presentation of the trials was randomized.



Pattern.  Sequence | Delay | Direction Pl P2 P3

1 [ ABCD | 4 |[PIP2PA[AB[ C [ D
2 ABC-D | 02 [ PIP2P3 [ AB| C | D |
3 | ABCD | 4 [ P3p2Pl [ D | C |AB|
4 ABCD | 02 [ Pap2Pl | D | € | AB|
5 AB-CD 4 PI-P3 | AB | - [ CD
6 ABCD | 02 | PI-P3 [ AB | - (D]
7 AB-CD 4 P3-P1 | CD | - | AB
8 ABCD | 02 | P3-P1 [ CD | - [AB|

Table 1. Thermal patterns created based on varying the Peltier modules (P) activated, the
direction of activation and the delay (in s) between Pulse B and C.

2.4  Procedure

The procedure was initially explained to participants and they were familiarized with
the temperature pulses that would be delivered. They were told that four warm pulses
each with the same duration and intensity would be presented. The pulses could be
presented on any of the Peltier devices in the display and start from any position. At the
end of each trial they had to indicate the positions of the first two pulses, A and B.

The initial skin temperatures of the participants ranged from 30 to 32 °C with a mean
of 31 °C. The ambient temperature was maintained at 25 °C, as measured with a ther-
mocouple in free air. At the start of the experiment participants placed their right fore-
arm on the contact surface of the display using markers on the display that indicated
the correct placement. One of the eight patterns was then presented (see Table 1) and
at the end of each trial an auditory cue signaled that participants should indicate the
locations of the first two temperature pulses. A visual depiction of the forearm and the
thermal display surface was presented in a GUI on a computer screen in front of the
participants (see Fig. 4). They moved a cursor to indicate the locations of each pulse.
Responses had to be made within 10 s and on most trials participants indicated the
location within a couple of seconds. After every two trials, participants switched the
forearm that was on the display in order to avoid any adaptation effects. A rest break
was provided when requested.

Pulse A X 1
Pulse B [

Fig. 4. Screen shot of the GUI presented on the computer screen in front of participants used to
record their responses.



3 Results

Temperatures were measured during each trial on the Peltier modules and at two loca-
tions on the skin not in contact with the Peltier modules. The temperatures measured
during presentation of Patterns 1 and 2 are illustrated in Fig. 5. The skin temperature at
the two locations not in contact with the Peltier modules remained constant, indicating
that the temperature change was localized to the contact region.

Temperature plots for Pattern 1 Temperature plots for Pattern 2
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Fig. 5. Group mean temperature recordings throughout two trials from the three Peltier devices
and from the skin on the forearm not in contact with the Peltier devices.

The participants indicated the perceived locations of Pulses A and B using the GUI
shown in Fig. 4; these data were then digitized using the Image Processing Toolbox in
MATLAB (Mathworks, Inc.). The position of each pulse was measured from the wrist.
A format devised by Goldreich [16] to conceptualize tactile length illusions has been
used to illustrate the perceived location of pulses A and B. The schematic illustration
shown in Fig. 6 depicts graphically the temporal and spatial properties of the physical
stimuli and the perceived position of pulses A and B on the forearm for each of the
eight patterns. Each adjacent pair of patterns (1 and 5, 2 and 6 etc) differs only with
respect to where the third stimulus (pulse C) in the sequence was delivered. This rep-
resentation illustrates quite vividly how the position of pulse B was perceived to move
in the direction of pulse C when the delay between the onset of pulses B and C was 0.2
s. When the delay between pulses B and C was longer (4 s) as in patterns 1, 3, 5and 7,
participants perceived the first and second pulses as being close together. Figure 6 also
illustrates that at the longer delay participants were more accurate at localizing pulses
A and B when they were presented near the elbow as compared to the wrist (1 and 5 as
compared to 3 and 7). The elbow may have served as an anatomical landmark to facil-
itate localization, which has been reported for vibrotactile stimuli [17].

Fig. 7 shows the perceived location of pulses A and B for the eight patterns, averaged
across the 10 participants. When the sequence began at the elbow and moved distally
the mean perceived location of the first pulse varied across patterns by 15 mm. For
sequences that started at the wrist the position varied by 19.8 mm. Pulse B was always
delivered at the same location as pulse A, but as is evident in Fig. 7, its perceived posi-
tion changed substantially when there was a short delay between it and pulse C. On
average the position of pulse B changed by 40 mm when the delay was 0.2 s and by



only 7.5 mm when the delay was 4 s. The spatial sequence of stimulation (AB-C-D or

AB-CD) did not have a marked effect on the perceived position of pulse B.
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Fig. 6. Schematic illustration of the physical stimuli depicted graphically and the group mean
perceived position of those stimuli on the forearm. The horizontal dashed lines indicate the po-
sitions of the Peltier modules.
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Fig. 7. The group mean perceived position of pulse A and B for each pattern when the direction
of the thermal display’s activation was either distal (from the elbow) or proximal (from the
wrist). Standard deviations are shown.

The effect of the various parameters used to create the warm stimuli on perceived
position was evaluated by analyzing the absolute difference in perceived location for
pulses A and B. A three-way repeated-measures analysis of variance (ANOVA) was
performed on these data with spatial sequence (AB-C-D and AB-CD), delay (0.2 and 4
s) and direction (proximal or distal) as factors. The results indicated a main effect of
delay (F(1,9)=21.56, p=0.001) and of direction (F(1,9)=8.19, p=0.019), but no effect of
sequence. None of the interactions was significant. These findings reveal that the per-
ceived distance between pulses A and B was significantly greater for stimuli with the
shorter delay of 0.2 s and was greater for sequences that began at the wrist as compared
to the elbow.

The results from the present experiment were compared to those from an earlier
study using the same stimulus parameters except that cooling rather than warming stim-
uli were delivered to the skin [11]. A comparison of the results from these two experi-
ments which involved different participants is presented in Fig. 8. The absolute differ-
ence in the perceived locations of pulses A and B for cold and warm stimuli is shown
as a function of delay and direction. It is evident that the perceived location of both cold
and warm thermal stimuli can change as a function of the temporal parameters of stim-
ulation. Fig 8 also illustrates that for both parameters cold stimuli resulted in a larger
change in the perceived position of pulse B than warm stimuli. For cold and warm
stimuli, sequences that started near the elbow and sequences with a shorter delay be-
tween pulses B and C resulted in a greater change in the perceived position of pulse B.
The difference as a function of direction of stimulation was 34 mm for cold stimuli and
15 mm for warm stimuli. However, the change in perceived position with delay was
more pronounced for warm stimuli, with a difference of 32 mm as compared to 24 mm
for cold stimuli.



A repeated-measures analysis of variance (ANOVA) was performed on the com-
bined dataset from both experiments, with thermal stimuli as a between-subjects factor
and sequence, delay and direction as within-subjects factors. The results indicated a
main effect of thermal stimuli (F(1,18)=141.80, p<0.001), of sequence (F(1,18)=10.99,
p=0.004), of delay (F(1,18)=34.57, p<0.001), and of direction (F(1,18)=18.48,
p<0.001). The interactions between sequence and thermal stimuli (F(1,18)=6.07,
p=0.02) and between sequence, delay and thermal stimuli (F(1,18)=10.27, p=0.005)
were also significant. The interaction between sequence and thermal stimuli reflects the
effect of the spatial sequence (AB-C-D and AB-CD) on the perceived location of pulse
B for the cold stimuli which did not occur with warm stimuli. The three-way interaction
is consistent with the greater change in perceived location for cold stimuli at shorter
delays in the AB-CD sequence.
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Fig. 8. Group mean absolute difference (with standard deviations) in the perceived location of
the first and second pulse for cold and warm stimuli at (a) a delay of 0.2 or 4 s and (b) when the
direction of the thermal display’s activation was from the elbow (distal) or the wrist (proximal).

4 Discussion

The results from this experiment indicate that the spatio-temporal illusions that have
been reported for tactile stimuli also occur for warm stimuli within the innocuous range
of temperatures. In this experiment the second pulse was always delivered at the same
location as the first pulse, but its perceived position changed as a function of the delay
between it and the third pulse. When the delay was short (0.2 s) its position was per-
ceived to move by 40 mm on average towards the location of the third pulse. This oc-
curred independently of whether the third pulse was close to (75 mm, Patterns 2 and 4)
or further away (150 mm, patterns 6 and 8) from the second pulse. At longer delays (4
s) the position of the second pulse was perceived accurately, that is, at the same location
as the first pulse. These findings provide strong evidence that for the thermal modality,
similar to touch, the temporal interval between warm stimuli delivered to the skin can



influence their perceived location. The optimal interval for such effects to occur is prob-
ably around 200 ms, although this needs to be further studied. For tactile stimuli, inter-
vals between 200 and 250 ms are optimal [18].

A comparison of the results from the present experiment with those from an earlier
experiment with cold stimuli [11] reveals some interesting differences between the ther-
mal senses. First, the magnitude of the change in perceived position was greater for
cold than warm stimuli (see Fig. 8); second, at short delays the change in the perceived
position of a cold, but not warm, stimulus was affected by the distance between the
stimuli (i.e. pulses B and C). Consistent with previous studies that have shown that
there is better localization for cooling than for warming stimuli on the forearm [19], in
the present research there was more accurate localization when the first stimulus was
cold. In summary, these results indicate that despite the limitations in the spatial and
temporal processing of thermal stimuli, somatotopic information appears to be inte-
grated similarly for tactile and thermal stimuli.

These interactions between the temporal and spatial properties of thermal stimuli
offer an opportunity to enhance the representation of information in thermal displays.
They show that in addition to the quality (warm or cold), amplitude and rate of change
of thermal stimuli it is possible to vary the perceived location of stimulation by chang-
ing the inter-stimulus interval. In the context of social touch such thermal cues may
provide information related proximity or separation.

References

1. Lederman, S.J., Jones, L.A.: Tactile and haptic illusions. IEEE Transactions on Haptics, 4,
273-294 (2011)

2. Seo, J., Choi, S.: Initial study for creating linearly moving vibrotactile sensation on mobile
device. IEEE Haptics Symposium, pp. 67-70 (2010)

3. Cholewiak, R.W., Collins, A.A.: The generation of vibrotactile patterns on a linear array: In-
fluences of body site, time, and presentation mode. Perception & Psychophysics, 62, 1220-
1235 (2000)

4. Tan, H.,, Lim, A, Traylor, R.: A psychophysical study of sensory saltation with an open re-
sponse paradigm. Proceedings of the 9™ International Symposium on Haptic Interfaces for
Virtual Environment and Teleoperator Systems, 69, 1109-1115 (2000)

5. lsselsteijn, W.A., de Kort, Y.A.W., Haans, A.: Is this my hand | see before me? The rubber
hand illusion in reality, virtual reality, and mixed reality. Presence, 15, 455-464 (2006)

6. Jones, B., Huang, Y.L.: Space-time dependencies in psychophysical judgment of extent and
duration: Algebraic models of the tau and kappa effects. Psychological Bulletin, 91, 128-142
(1982)

7. Helson, H.: The tau effect — an example of psychological relativity. Science, 71, 536-537
(1930)

8. Rozsa, J., Kenshalo, D.R.: Bilateral spatial summation of cooling of symmetrical sites. Per-
ception & Psychophysics, 21, 455-462 (1977)

9. Békésy, G.V.: Lateral inhibition of heat sensations on the skin. Journal of Applied Physiology,
17, 1003-1008 (1962)

10. Jones, L.A., Ho, H-N.: Warm or cool, large or small? The challenge of thermal displays. IEEE
Transactions on Haptics, 1, 53-70 (2008)



11.

12.

13.

14.

15.

16.

17.

18.

19.

Singhal, A., Jones, L.A.: Space-time interactions and the perceived location of cold stimuli.
Proceedings of the IEEE Haptics Symposium, 92-97 (2016)

Stevens, J. C., Choo, K. C.: Temperature sensitivity of the body surface over the life span.
Somatosensory and Motor Research, 15, 13-28 (1998)

Harding, L.M., Loescher, A.R..: Adaptation to warming but not cooling at slow rates of stim-
ulus change in thermal threshold measurements. Somatosensory and Motor Research, 22, 45-
48 (2005)

Darian-Smith, I.: Thermal Sensibility. Handbook of Physiology: The Nervous System I. Dar-
ian-Smith, Ed. Bethesda, MD: American Physiological Society. pp. 879-913 (1984)
Yarnitsky, D., Ochoa, J.L.: Warm and cold specific somatosensory systems. Brain, 1819-1826
(1991)

Goldreich, D.: A Bayesian perceptual model replicates the cutaneous rabbit and other spatio-
temporal illusions. PLoS One, 2, €333 (2007)

Cholewiak, R.W., Collins, A.A.: Vibrotactile localization on the arm: Effects of place, space,
and age. Perception & Psychophysics, 65, 1058-1077 (2003)

Geldard, F.A.: The mutability of time and space on the skin. Journal of the Acoustical Society
of America, 77, 233-237 (1985)

Lee, D.K., McGillis, S.L.B., Greenspan, J.D.: Somatotopic localization of thermal stimuli: 1.
A comparison of within- versus across-dermatomal separation of innocuous thermal stimuli.
Somatosensory and Motor Research, 13, 67-71 (1996)



