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a b s t r a c t
Tactile response is limited for many operations that are preformed in extreme environments due to bulky equipment or the limitations of the human body. In order to allow a
user in extreme environments to regain some of their temperature–tactile response, a
glove was developed that converts temperature into a vibration felt by the user. An RTD
was attached to the glove and connected to a microcontroller. This microcontroller converted temperature into a voltage and transmitted it to a micromotor that controlled the
vibration felt by the user. Through this scheme, the user was able to identify a temperature
increase with a 4 s delay. This paper also presents the system response of the glove to a
temperature impulse. Using this system transfer function, it is possible to make improvements to the glove to reduce the overall delay between the glove sensing a temperature
and the user recognizing the temperature change.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Sensory substitution has been a subject of research
since the 1960’s when Paul Bach-y-Rita looked at the idea
of using tactile sensations to relay visual or other sensory
information [1]. The concept is based on the brain’s plasticity-its ability to adapt or remap connections when one of
the senses is absent. A deteriorated sense is often the result
of poor or no communication between the sensing organs
(ex. eyes) and the brain. However, the section of the brain
that interprets the signal is still intact, so if information is
relayed through a different sensory system (ex. tactile sensation), the brain can learn to interpret the information in a
new way. To date, most sensory substitution systems are
focused on providing visual or auditory information via
tactile stimulation in blind or deaf patients.
There has been other research conducted on relaying
tactile information from one area of the body to another,
as in the case of Bach-y-Rita’s experiment with restoring
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touch perception to leprosy patients. In that research, force
information from the ﬁngertips was relayed to an electrode
on the forehead and, after training on the device, patients
perceived the sensations on their foreheads as if they had
originated at their ﬁngertips – the device served to extend
their perception of sensation to the site of the force application [2]. Tactile–tactile substitution was also investigated by Bach-y-Rita for astronaut space suit gloves [3].
The motivation for this research stemmed from the difﬁculty astronauts experience when handling objects in
space. Due to the bulkiness of the pressurized gloves, force
and ﬁne-pressure sensations are absent. This causes fast
fatigue of the hands that tend to over-grip objects in the
absence of tactile feedback. In the experiment, force sensors were applied to the outside of the gloves, and sensory
information was relayed to electrodes on the astronaut’s
stomach.
The motivation for this research device stemmed from
additional tactile information that is lost when wearing
bulky gloves-temperature. For astronauts operating in
extreme temperature environments, the temperature sensations of objects they handle are also lost. As astronauts
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2. Apparatus design

a user applies enough force to an object’s surface, a voltage
will inform the microcontroller to turn on the temperature
sensor and begin to record temperature.
A temperature sensor is also located on the palm of the
glove. Once enough force is applied to the object and the
temperature sensor has turned on, the temperature sensor
begins to determine the temperature of the given surface.
The sensor sends a voltage to the microcontroller, where
it is processed and used to determine the voltage input
to the mircomotor, providing vibration feedback to the
user.
After a temperature is determined, it is transferred to
the skin of the user of the glove via a vibrating micromotor.
The micromotor will vibrate at different frequencies allowing the user to identify the temperature of the surface he/
she is touching with reasonable accuracy.
A circuit diagram of the system is shown in Fig. 2, and a
photograph of the physical system is shown in Fig. 3. As
shown in Fig. 2, the temperature sensor is essentially a variable resistor which is placed in a Wheatstone bridge conﬁguration so that its resistance change can be accurately
measured. Voltage is applied to this Wheatstone bridge
via a voltage regulator, and the output voltage of the
Wheatstone bridge varies as the resistance of the RTD
changes. This output voltage is ampliﬁed through an
instrumentation ampliﬁer, and then sent to the microcontroller to be analyzed. The microcontroller used was a Luminary Micro, Stellaris microcontroller (Model No.
LM3S8962) [7]. The force sensor is connected to an inverting ampliﬁer to amplify the voltage output, which is then
sent to the microcontroller for analysis. Finally, the microcontroller uses the temperature sensor and force sensor inputs to control the micromotor; the output of the system.
The output voltage of the microcontroller is pulse width
modulated (PWM) in order to drive the micromotor. The
PWM output voltage is ampliﬁed by an inverting power
ampliﬁer, which is then used to drive the micromotor.

2.1. Glove system design

2.2. Temperature sensor

The goal of the proposed device is to convert a measured temperature into a vibration that a user can physically sense. A block diagram of how such a system would
work is shown in Fig. 1. The user of the glove sensing system presses on the surface of an object in order to determine the object’s temperature.
A piezoresistive force sensor is located on the palm of
the glove and acts as an on/off switch for the system. When

An Omega ﬂat proﬁle, thin ﬁlm Platinum resistance
temperature detector (RTD) (Part No. F2020–100-B-100)
was used to sense the temperature of a surface in the glove
system [8]. A photograph of the RTD used is shown in
Fig. 4. The sensor is 2 mm  2 mm in dimension, allowing
it to be placed on a glove without interfering with the
user’s ability to grasp objects or perform necessary tasks.
The useful range of the sensor is 50–500 °C, which is a

return to the moon and spend more time on spacewalks,
temperature information of handled objects will become
more important. In an environment that already requires
a heavy reliance on visual cues, one more instrument dial
to read adds to the information overload of the visual
channel. The ability to sense temperatures via tactile stimulation will increase environmental awareness without
overloading the brain’s processing systems. A temperature-to-tactile system can also be useful for medical patients who suffer from loss of sensation in their hands
and for workers in extreme terrestrial environments, such
as ﬁreﬁghters.
While there do not appear to be any patents or papers
that implement the conversion of temperature information
to tactile stimulation via a handheld device, a number of
related ideas have been proposed. A similar apparatus converts visual or auditory information into a sensation of
localized cooling on the skin [4]. Cooling is achieved by
covering the skin with an insulating medium and then
selectively opening gates in the medium to release pockets
of body heat. Another substitution device consists of translating visual information into tactile information via thermal imaging to assist blind patients [5]. Thermal images
are taken to represent the environment and are subsequently coded to a tactile pin system. According to the research, representing a real-world visual environment is
easier to interpret when using infrared wavelengths as opposed to the visual spectrum. Another similar concept explored remote sensing for applications in tele-operation
techniques [6]. A multi-modal sensing ﬁnger was developed that could sense the main types of tactile sensation:
contact pressure, hardness, texture, temperature, slip, proﬁle, thermal conductivity. This information was then relayed to an integrated glove with actuators to represent
the sensed information.

Force
Sensor

Voltage

Microcontroller

Hot Surface

Voltage

MicroMotor

Voltage

Temp
Sensor
Fig. 1. Block diagram of the proposed glove system.
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Fig. 2. Circuit diagram of the glove system.

Fig. 4. RTD used in the glove system.

Fig. 3. Photograph of the prototype of the glove system.

signiﬁcant range in temperature for most users’ purposes.
If a larger or different temperature range is needed, similar
devices are available to conform to the user’s needs. The
device has a resistance of 100 X at 0 °C, and varies linearly
with temperature (a = 0.00385 X/X/°C).
A calibration plot of voltage (V) vs. temperature (C) is
shown in Fig. 5. To obtain this plot, the temperature of a

surface exposed to the RTD was increased in steps, and
the corresponding voltages were recorded (the voltage corresponds to the voltage sent to the microcontroller). Fig. 5
shows the linear relationship between temperature and
voltage output of the RTD. A least-squares ﬁt of the relationship was determined to be: V = 0.0131T, where V is
voltage (V) and T is temperature ° (C). The accuracy of the
ﬁt was excellent with a value of R2 = 0.988.
2.3. Force sensor
A Tekscan, FlexiForce piezoresistive force sensor (Model
No. A201) was used as an on/off switch in the glove system
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Fig. 7. Micromotor used in the glove system.

Fig. 5. Calibration of the RTD sensor. The voltage corresponds to the
voltage as measured by the microcontroller.

motor speed (RPM) and V is the voltage (V). The leastsquares ﬁt is good with a value of R2 = 0.964.
3. Experimental methods

[9]. A photograph of the force sensor is shown in Fig. 6. The
sensor is extremely ﬂexible and thin (sheet-like), allowing
it to be placed in the glove system without affecting the
user’s ability to perform tasks. The sensor has a useful
range of 0–45 kg with an accuracy of ± 0.45 kg. The applied
force and resistance of the sensor are inversely proportional, with the resistance at zero load equal to 5 MX. No
calibration curve was necessary for this device as only
one value was needed to serve as the threshold on/off
value.

2.4. Micromotor
The ﬁnal component incorporated into the tactile temperature sensing system was a vibrating micromotor. The
purpose of the micromotor was to induce a vibration on
the skin of the system’s user with a frequency that corresponds to a given temperature. The frequency of this vibration is the varying component that allows a user to
distinguish between different temperatures. The temperature and frequency of the micromotor vary linearly, with
an increasing temperature corresponding to an increasing
frequency of vibration. A photograph of the micromotor
used in this system is shown in Fig. 7.
The micromotor shown in Fig. 7 has a diameter of 4 mm
and a length of 10 mm. It has a voltage input range of 1–
6 V DC, and the rotating unbalanced weight causes the
motor to vibrate at a frequency related to the rotational
velocity of the motor. The motor was calibrated by measuring its rotational velocity for a given applied voltage. The
calibration plot is shown in Fig. 8, and it can be noted that
there is a linear relationship between the motor speed
(RPM) and the applied voltage (V). The calibration equation
is given by: MS = 2260.5(V) + 1737.4, where MS is the

Fig. 6. Force sensor used in the glove system.

3.1. Procedure
A testing procedure was developed and a test setup was
built in order to examine the ability of the temperature
sensing glove to translate the temperature felt by the glove
into a tactile sensation. The test setup is shown in Fig. 9. In
the test procedure, a stochastic binary input was used to
either heat or cool a Peltier device. The temperature sensor
on the glove was used to measure the temperature of the
Peltier device and the microcontroller on the glove was
used to translate this temperature into the vibration frequency of the motor. The user was asked to press a button
when they thought the temperature of the Peltier device
was increasing based on the vibration frequency they felt
from the motor. A baseline test was also preformed where
the user was also asked to touch the Peltier device directly
and repeat the button pushing test. From the data collected, a transfer function of the device was found and response times of the person were determined when using
both the motor and his ﬁnger. These results are presented
in Section 4.
3.2. Experimental design
In the experimental test setup, a data logger was used
to record the temperature the RTD sensor measured, the
stochastic binary input to the Peltier device, and when

Fig. 8. Calibration of the micromotor.
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Fig. 9. Photograph of the test device.
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Fig. 10. Block diagram of the test device and data logger.

the user was pressing the button, as shown in the block
diagram in Fig. 10.
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The circuit diagram shown in Fig. 11 gives a more detailed description of the testing setup. A digital output
channel on the microcontroller was used to send
either + 3.3 V or 0 V to a transistor attached to the relay.
When the output of the microcontroller was + 3.3 V, the
transistor was on and the relay circuit was closed allowing
5 V to be sent through the relay. When 0 V was output
from the microcontroller, the transistor was off causing
the relay circuit to open and no current to ﬂow through
the relay. The relay switches between sending + 5 V or
5 V through the Peltier device depending on whether
there is current ﬂowing through the relay. Therefore, the
stochastic binary output from the microcontroller was
used to control whether the Peltier device was heating or
cooling.
A pushbutton switch was also connected to the + 3.3 V
pin on the microcontroller. When the button was pushed,
the switch was closed and + 3.3 V was sent to the data logger. The data logger was a 10 bit analog-to-digital converter similar to the one on the microcontroller used to
read in data from the temperature and force sensors. In
addition to recording whether the user was pushing the
pushbutton or not, the data logger was also connected to
the output of the microcontroller used to run the Peltier
device, and to the output of the instrumentation ampliﬁer
attached to the RTD. This data was then used to determine
the system transfer function and user reaction time to a
temperature input.

3.3. Power supply
Two different power supplies were used during the
experiments. A Kepco multiple output power supply (Model No. MPS 620 M) provided the + 15 V and 15 V needed

Fig. 11. Circuit diagram of the test device.
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to run the glove [10]. An Agilent Technologies triple power
output supply (Model No. E3631A) provided the 5 V
needed to run the Peltier device [11].
4. Results
It was determined that the best system to identify in
terms of discovering a transfer function was the on/off signal sent to the Peltier device as the input and the temperature reading from the RTD as the output. This system was
selected because it was the most linear system in the device. The other systems involved a human pressing a pushbutton. Therefore, it was thought best to analyze the
systems that incorporated a human response with the
cross-correlation function in order to determine the delays
between output and input instead of trying to use a linear
system identiﬁcation technique on an inherently nonlinear
system.

Fig. 12. Stochastic input to the Peltier device.

4.1. Peltier-temperature system identiﬁcation
The input sent to the Peltier device consisted of stochastic on and off commands. As seen in Fig. 12, when the value
of the input was a one, voltage was connected such that the
Peltier device increased in temperature and when the input was a zero, the voltage was reversed which decreased
the temperature of the Peltier device. As shown, the input
was stochastic in nature. The minimum length of time that
the Peltier was in the on or off position was two seconds.
After two seconds, the Peltier device was given a new stochastic decision to heat or cool. Fig. 13 is the same data,
only it has been detrended so that the mean is zero. This
is a necessary precursor to linear system identiﬁcation.
The output of the RTD is shown in Fig. 14. As seen, the
temperature trends upwards over time. This is consistent
with the fact that the Peltier device gets warmer simply
as a function of time until a steady state temperature is
reached. It is important to note that the temperature increases and decreases frequently, which should correspond
to the on/off input sent to the Peltier device. Fig. 15 is the
same temperature data, only it has been detrended so that
the mean is at zero.
The autocorrelation function of the detrended Peltier
input is shown in Fig. 16. It is important to note that there
is a spike in the autocorrelation function at a lag of 0 s and
then the autocorrelation function drops to a value near
zero and continues to oscillate around zero for all lags after
0 s. This is consistent with the expected autocorrelation of
a stochastic input. The cross-correlation function between
the detrended Peltier input and the detrended temperature
output is shown in Fig. 17. As seen, there is a spike in the
cross-correlation function at a lag of 3 s. This implies that
the temperature output of the RTD lags the input of the
Peltier device by 3 s.
The experimentally determined impulse response function is shown in Fig. 18. The impulse response was obtained by ﬁrst taking the Fourier transform of both the
autocorrelation and cross-correlation functions, i.e. Figs.
16 and 17, respectively. Then, the Fourier transform of
the cross-correlation function was divided by the Fourier
transform of the autocorrelation function. Last, the result

Fig. 13. Stochastic, detrended input to the Peltier device.

Fig. 14. Temperature output from the RTD as a function of time.

of that division was then transformed back into the time
domain by using an inverse Fourier transform. This result
is the impulse response function, shown in Fig. 18.
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The experimentally determined impulse response function was then ﬁt using the assumption that the system has
a ﬁrst-order response. The experimentally determined impulse response function, shown in red, and the ﬁt of the
ﬁrst-order model impulse response function, shown in
blue, are shown in Fig. 19. The transfer function for the Peltier input–RTD temperature output system, assuming a
ﬁrst-order model, is given by:

GðsÞ ¼

Fig. 15. Detrended temperature output from the RTD.

0:2708eð0:3sÞ
5:929s þ 1

ð1Þ

The experimentally determined impulse response function was also ﬁt using the assumption that the system has
a second-order response. The experimentally determined
impulse response function, shown in red, and the ﬁt of
the second-order model impulse response function, shown
in blue, are shown in Fig. 20. The transfer function for the
Peltier input–RTD temperature output system, assuming a
second-order model is given by:

GðsÞ ¼

0:3094
7:398s2 þ 5:562s þ 1

ð2Þ

4.2. System response with motor
It was determined that the delay due to the human/motor interface should be determined using two different inputs. The ﬁrst input was the detrended RTD temperature as
the input and the response of a human pressing the pushbutton (when the motor was used to sense temperature) as
the output. The second input was the detrended Peltier signal as the input and the response of a human pressing the
pushbutton (when the motor was used to sense temperature) as the output.
4.3. Temperature (via motor)-pushbutton delay

Fig. 16. Autocorrelation function of the detrended, stochastic Peltier
input.

Fig. 17. Cross-correlation function between the detrended, stochastic
Peltier input and the detrended, RTD temperature output.

Fig. 21 shows the detrended RTD temperature signal.
Fig. 22 shows the detrended output of a human pressing
a pushbutton. The positive values in Fig. 22 correspond
to the human believing that the temperature was increasing via the motor. The negative values correspond to the

Fig. 18. Impulse response function of the Peltier input–RTD temperature
output system.
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Fig. 19. Experimentally determined impulse response function, red, and
the ﬁrst-order model impulse response function, blue. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

Fig. 20. Experimentally determined impulse response function, red, and
the second-order model impulse response function, blue. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Fig. 21. Detrended temperature from the RTD as a function of time.

Fig. 22. Detrended output of a human pushing a button.

human believing that the temperature was decreasing via
the motor.
Fig. 23 shows the cross-correlation function between
the detrended temperature input and the detrended pushbutton output. It is important to note that there is a peak in
the cross-correlation at a lag of 4 s. This implies that the
delay between the temperature increasing and a human
registering that temperature increase via the motor is 4 s.
4.4. Peltier-pushbutton delay
Fig. 24 shows the detrended Peltier device input signal.
Fig. 25 shows the detrended output of a human pushing a
button. Fig. 26 shows the cross-correlation function
between the detrended Peltier device input and the detrended pushbutton output. It is important to note that there
is a peak in the cross-correlation at a lag of 6 s. This implies

Fig. 23. Cross-correlation function between the detrended, RTD temperature input and the detrended, pushbutton output.
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that the delay between the Peltier device being instructed
to increase in temperature and a human registering that
the temperature increased via the motor is 6 s.
4.5. System response with ﬁnger
It was decided that in order to compare the delay due to
the human/motor interface, the delay due to a human
using his ﬁnger should be determined. The human delay
using his ﬁnger to sense temperature changes, instead of
a motor, was determined using two different inputs. The
ﬁrst input was the detrended RTD temperature as the input
and the response of a human pressing the pushbutton
(when a human’s ﬁnger was used to sense temperature)
as the output. The second input was the detrended Peltier
signal as the input and the response of a human pressing
the pushbutton (when a human’s ﬁnger was used to sense
temperature) as the output.

Fig. 25. Detrended output of a human pushing a button.

4.6. Temperature (via ﬁnger)-pushbutton delay
Fig. 27 shows the detrended RTD temperature signal.
Fig. 28 shows the detrended output of a human pushing
a button when using his ﬁnger to sense temperature. The
positive values in Fig. 28 correspond to the human believing that the temperature was increasing. The negative values correspond to the human believing that the
temperature was decreasing.
Fig. 29 shows the cross-correlation function between
the detrended temperature input and the detrended pushbutton output. It is important to note that there is a peak in
the cross-correlation function at a lag of approximately 0 s.
This implies that the delay between the temperature
increasing and a human registering that temperature increase via his ﬁnger is almost zero.
4.7. Peltier-pushbutton delay
Fig. 30 shows the detrended Peltier device input signal.
Fig. 31 shows the detrended output of a human pushing a
button when using his ﬁnger to sense temperature. Fig. 32
shows the cross-correlation function between the detrend-

Fig. 24. Detrended Peltier device input as a function of time.

Fig. 26. Cross-correlation function between the detrended, Peltier device
input and the detrended, pushbutton output.

Fig. 27. Detrended temperature from the RTD as a function of time.
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Fig. 28. Detrended output of a human pushing a button.

Fig. 30. Detrended Peltier device input as a function of time.

ed Peltier device input and the detrended pushbutton output. It is important to note that there is a peak in the crosscorrelation at a lag of 4 s. This implies that the delay between the Peltier device being instructed to increase in
temperature and a human registering that the temperature
increased via a ﬁnger is 4 s.
4.8. Noise analysis
The noise in the temperature signal of the RTD was
determined by recording the output of the RTD in the absence of a temperature change. Fig. 33 shows the temperature signal that was recorded when there was no
temperature change taking place. As can be seen, there is
noise in the data. The average value of temperature that
was recorded was 42.1 °C and the standard deviation of
the signal was 0.85 °C. Fig. 34 shows a histogram of the
amplitude of the noise signal. As shown in Fig. 34, the noise
does appear to be Gaussian.

Fig. 31. Detrended output of a human pushing a button.

Fig. 29. Cross-correlation function between the detrended, RTD temperature input and the detrended, pushbutton output.

Fig. 32. Cross-correlation function between the detrended, Peltier device
input and the detrended, pushbutton output.

T. Eusner et al. / Measurement 44 (2011) 965–975

Temperature (C)

Temperature vs. Time
45
44
43
42
41
40
39
38
37
36
35
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Time (sec)
Fig. 33. Temperature output of the RTD when no temperature change is
taking place.
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between the Peltier device being instructed to increase in
temperature and when the increase in temperature is measured by the glove.
It was also determined that there is a 4 s delay between
the temperature of an object increasing and a human
detecting that temperature increase when using the micromotor in the glove. In addition, it was determined that
there is almost no delay (i.e. 0 s delay) between the temperature of an object increasing and a human detecting
that temperature increase when using his ﬁnger. This result was expected. The beneﬁt of the glove system is that
it can be used to sense temperatures that an unprotected
human ﬁnger would otherwise not be able to withstand.
The noise in the temperature reading of the glove system was determined to be Gaussian and had a standard
deviation of 0.85 °C.
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5. Conclusions
A glove was developed that converts temperature into a
vibrating frequency that can be felt by the user. Linear system identiﬁcation analysis was performed to determine
the transfer function between the Peltier device on/off signal as the input and the temperature measured by the RTD
as the output. Both ﬁrst-order and second-order transfer
functions were successfully determined for the system.
Although it was believed that the temperature response
of the glove would best be described by the ﬁrst-order
transfer function, it was evident that there were other system dynamics in the glove’s electronics. Therefore, it was
determined that the second-order transfer function was
the best ﬁt for the Peltier input-temperature output
system. It was also determined that there is a 3 s delay
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