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Figure 1. (a) Rendering of PCB and Manifold assembly. (b) Top of the ThermoTouch device with the heater grid PCB mounted atop of the cooling
manifold. (c) Thermal image showing one grid cell heated up.

ABSTRACT

ACM Classification Keywords

ThermoTouch is a new type of thermo-haptic display device. It
provides a visual display with a grid of thermal pixels that can
provide hot or cold haptic feedback. Unlike previous devices,
our proposed design uses liquid cooling and resistive heating
to output thermal feedback. We describe the hardware and
software design of ThermoTouch. Technical measurements on
our prototype indicate that ThermoTouch has thermal output
properties comparable to Peltier elements, which have been
used extensively as thermal transducers in previous works.
Our measurements of ThermoTouch’s per-area power consumption and its low hardware cost per thermal pixel indicate
that our technology improves scalability to large-scale thermal
displays over technologies used in previous systems. As an
example application of ThermoTouch, we describe an editing,
automatic keyframe generation and playback system for video
with an additional thermo-haptic feedback channel. Lastly,
we describe technical design considerations for creating largescale thermal displays using ThermoTouch technology.
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INTRODUCTION

ThermoTouch is a prototype surface computer that provides
thermal output via “thermal pixels” underlying a display surface. The current ThermoTouch prototype provides thermal
feedback on a 4 × 4 grid of thermal pixels. The thermal grid
is overlaid with a projection in order to show visual content
an addition to the thermal feedback channel. In contrast to
previous works, ThermoTouch makes use of the liquid cooling
and resistive heating to provide thermal feedback.
Thermal output can be used as a haptic feedback channel for
interactive surfaces. This allows modifying the haptic qualities
of the interactive surface itself. Previously, a wide variety of
applications haven’t been explored for thermal display surfaces. For instance, different material surfaces can be rendered
using thermal feedback [6, 7, 13], the interactive surface can
simply be used as an additional channel to convey applicationspecific information [17] or thermal feedback can be used in
mobile devices as a non-visual channel [18, 19].
The majority of the prototypes in past works have been smallscale. I.e., the thermal displays have a small amount of thermal
pixel (if at all they had more than a single pixel), and a small

size. E.g., ThermoPict-Neo [11] is the thermal output device,
that to our knowledge has the most thermal output pixels,
using a 8 × 10 grid and has the largest size, 130 mm × 170
mm. The ThermoTouch technology which we describe in this
paper can be scaled to very large physical sizes and amounts
of thermal pixels compared to previous approaches.
Moving from small single-pixel displays to large-scale displays with many pixels is especially useful for educational
settings, e.g., in museaums, where multiple users can explore
exhibits showing thermal processes (e.g., the functioning of a
gas turbine) with thermal feedback. For applications in teleconferencing, we imagine the use of such thermal feedbackequipped desks to convey the awareness of the presence of
another person sitting at a similar desk. A further use of
large-scale thermal feedback could for desktop-based AR applications, providing an indirect haptic output channel for
users of head-worn AR devices such as HoloLens 1 . Here,
ThermoTouch technology could be adapted to allow an entire
desk surface to provide thermal feedback.
One further technical trait that most prototypes in previous
works have in common is that they rely on Peltier elements as
transducers for thermal feedback. Peltier elements make use
of the Peltier-Seebeck Effect [14] to convert electrical current
to heat. The Peltier effect occurs at the junction between two
conductors of different material. Dependent on the polarity of
the applied voltage, one side of the junction heats up while another side cools down. This is the reason why Peltier elements
can be used in-situ for both heating and cooling applications.
While Peltier elements are an obvious choice for small-scale
thermal displays, they do have certain disadvantages for largerscale applications:
1. Peltier elements are usually shipped as discrete components
and thus have relatively high2 cost per module.
2. Peltier elements have a relatively high power consumption
for cooling. For instance, as we describe in more detail
a later section, we tested a readily-available 20 × 20 mm
CP40236 Peltier module and it consumed 12 W (or 0.03
W/mm2 ) to obtain a module-surface temperature of 5 ◦ C.
In contrast, ThermoTouch cools the entire grid of thermal
pixels that are 63 % larger in surface area than the CP40236
module to this temperature with a total static energy consumption, originating from a chiller unit and a circulation
pump, per thermal pixel of 18 W (or 0.028 W/mm2 ). This
consumption goes down proportionally as the number of
pixels supported rises.
3. Applications that need both heating and cooling on the same
side of the module, require an H-Bridge circuit [16] to allow bipolar switching of voltage to the module. Adding
an H-bridge for each thermal pixel increases the complexity of the control electronics for Thermal displays using
Peltier elements. Furthermore, non-polarity changing PWM
output such as used on ThermoTouch can be scaled up
1 https://www.microsoft.com/microsoft-hololens/en-us
2 We found the price of a standard 20 mm × 20 mm Peltier module
to be around USD 16 as of August 2016.

relatively easily using cascaded shift register ICs to hundreds or thousands of thermal pixels controlled by a single
micro-controller.
In order to decrease cost and increase scalability for thermal
displays, ThermoTouch uses liquid cooling and resistive heating. We believe our approach reduces cost and increases scalability for thermal displays as, resistors are relatively cheap
passive components that very efficiently convert electrical
energy to heat. As implemented in our prototype, heating resistors can also be constructed easily from thin conductor wire,
and printed directly onto a PCB as copper traces. Liquids have
previously been proposed for use in thermal displays by Sakaguchi et al. [15]. Their prototype consists of a single thermal
pixel, and requires an external source of liquid with a variable
temperature. In contrast to their prototype, ThermoTouch is
designed for scalability and therefore actively regulates temperature on each thermal pixel through resistive heating and
simplifies plumbing requirements by sharing cooling liquid
over a large number of thermal pixels via a manifold.
Liquid cooling is a proven technique and is in use in applications ranging from CPU cooling to large-scale industrial
applications such as nuclear reactors. Typical liquids used for
cooling have a very high thermal capacity (e.g., water has a
thermal capacity of 4181 J/kg ◦ C). Across applications, the
basic liquid cooling cycle is essentially similar and simple to
apply: pump coolant from a reservoir to the place where heat
needs to be removed, then pump coolant to a heat exchanger
to remove the excess heat in the coolant, and then re-introduce
coolant to the coolant cycle or the reservoir.
Expanding upon a preview for this research previously published as a late breaking work [10], the key contribution of this
paper is the ThermoTouch thermal display technology. As we
argue in the paper, the advantage of ThermoTouch over previous approaches is the improved scalability when increasing
the amount of thermal pixels and enlarging the display area of
a thermal display. We provide a detailed systems description
of the ThermoTouch prototype hardware and software design
and a demo application. This will enable practitioners and
researchers to replicate ThermoTouch’s design for their own
projects. To demonstrate how ThermoTouch can be used for
an actual thermal display application, we describe an example application and authoring tool for video playback with
dynamic thermal feedback.

ADDITIONAL RELATED WORK

Single-area thermal and also Thermal pixel “displays” have
been the subject of a large body of HXI research. Jones et
al. [8] provide an excellent overview of the field.
Besides the applications already discussed in the introduction,
i.e., simulating material surfaces and using thermal feedback
as an additional channel for fixed and mobile devices, we
would like to highlight some additional research projects related to our work.
For instance, Halvey et al. studied the effect of ambient factors
such as user clothing [5] or weather conditions [4].
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Figure 2. Schematic of the heater PCB and cooling manifold assembly.

There is also a large body of work both in HCI and medical
sciences on studying the use of thermal feedback to provoke
illusory pain sensations and thermal paradoxes (e.g., the Thermal Grill Illusion) [1, 2, 9]. Thermal interfaces similar to
ThermoTouch could be used to generate such illusions for
future research activities.
In surface computers with thermal feedback, it would be ideal
to incorporate touch sensing into the thermal transducers to
minimize overall complexity of the system. Indeed, Peiris et
al. describe [12] how to enable touch input on Peltier elements
by detecting the influence of the user’s body warmth at the
point of touch on a PID control loop, as a particular Peltier
element is being touched. To allow touch detection on a thermal pixel with the ThermoTouch prototype, we integrated
capacitive touch sensors into the heater PCB.
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Figure 3. The coolant flow through the components of ThermoTouch’s
cooling system.

THERMOTOUCH DESIGN

unit. The chiller unit is used to cool the water. The outlet of
the chiller unit is connected to the input port of the cooling
manifold. We machined the manifold on a CNC milling machine from a 2.54 cm (1 in) high-density polyethylene (HDPE)
sheet. To evenly disperse coolant, the manifold has 4 coolant
outlets arranged in opposite corners. Outflow from the coolant
outlets is fed back to the reservoir container, where the cooling
cycle begins anew. Figure 3 shows a graphical representation
of the cooling system flow cycle.

Unlike previous thermal displays, ThermoTouch uses liquid
cooling and resistive heating to provide thermal feedback.
ThermoTouch consists of a grid of heating elements placed
above a manifold that is circulated with coolant. In the case
of our prototype the grid of heating elements is a PCB that
is imprinted with heating coils made of copper traces. The
grid allows setting of the temperature at any grid location by
controlling the electrical voltage passing through the heating
coil at that specific location.

The cooling system has two components that consume power:
the pump and the chiller. The pump and the chiller consume
25.85 W and 264 W of energy, respectively. Thus, the total
cooling system power draw while operational is around 290 W.
Translated to an individual thermal pixel, this corresponds to
constant 18.12 W power draw per thermal pixel on a 16-pixel
grid such as mounted on our current prototype.

Cooling at a thermal pixel is a constant process and is proportional to the electrical power applied to a specific grid location.
I.e., maximum cooling happens when electrical power for heating coil at a particular grid location is turned off completely.
This happens because cooling liquid is constantly circulated
under the heater PCB, which extracts heat from it at a constant
rate. Thus, by balancing the cooling effect of the manifold
with the heat input from the heating coils in the grid, the grid
can be set to any temperature within a practical working range.
Figure 2 shows a side view of the PCB and cooling manifold assembly and Figure 1(a) shows a render of component
assembly.
In the following we will further detail the design of the cooling,
heating and control logic systems of ThermoTouch, as well as
the current display solution used.
Cooling System

ThermoTouch uses water cooled to a temperature of 5◦ Celsius as liquid coolant. A water pump pumps the water from
reservoir containing about 8 l of water to an aquarium chiller

Cooling System Power Consumption

Heater Grid Design

The heater PCB we designed is imprinted with a 4 × 4 grid of
individual copper heating spirals on the top side of the PCB.
The square grid cells have a side length of 1 inch (25.4 mm).
The copper traces for each spiral are printed in 5 mil (0.127
mm) traces. The copper strength of the PCB is 1.5 oz per foot
(457.73 g/m2 ). The distance between each spiral is also 5 mil.
The total length of the copper trace is about 1.7 m. At the PCB
connector pads, we measured a total electrical resistance for
each heating spiral of around 8.5 Ω. Thus, at a voltage of 20 V
each heating cell is capable of putting out 47 W in heat. Figure
1(b) shows an image of the PCB mounted on the prototype.
The bottom side of each thermal pixel on the PCB is printed
with a copper plate with and individual connection trace to
allow capacitive touch sensing. Although touch input can be
detected this way, the placement of the touch sensor on the
bottom layer decreases sensitivity. We are therefore examining
ways of interleaving heater spiral and capacitive touch sensor
in future PCB designs.
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Figure 5. Peltier element mounted on solid aluminum heatsink for
testing purposes.
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Figure 4. Plot of input power in W vs. the temperature at the surface of
a heater grid cell. As the regression line shows, we found a clear linear
relation between input power and surface temperature.

Control Design for Heating Grid

Whereas the cooling system as it currently is implemented
provides a constant cooling rate that cannot be modified while
it is running, the power output of the heater PCB cells (i.e.,
thermal pixels) need to be actively controlled during operation
to provide the desired surface temperatures.
The heat output of each cell is switched by an associated
MOSFET3 . Each heater cell’s associated MOSFET acts as a
switch that toggles electrical power to the cell, depending on
the MOSFET’s gate voltage. Our current prototype has a 4 ×
4 grid of heating cells. We therefore use a power circuit board
containing 16 MOSFETs to drive the cells of the heater PCB.
Fine-grained control of the MOSFET switching is required in
order to set specific temperatures on each grid cell. This is realized through a 16-channel PWM (Pulse-Width Modulation)
controller board4 that drives the gates of the MOSFETs. The
PWM driver board allows control of the length of the PWM
duty cycle, which effectively determines the output voltage
for each grid cell, as a 12 bit integer value. This is sufficiently
fine-grained to allow precise output power selection for each
of the heater cells.
An Arduino Micro-controller board is used to interface with
applications running on a PC and to send commands to the
PWM controller shield via an I2C bus connection.
Temperature Calibration and Control

In contrast to certain previous works, e.g., Peiris et al. [12],
we opted for open-loop temperature control. Although ThermoTouch would work well with a closed-loop control scheme
that may provide advantages in terms of temperature switching
speed, we wanted simplify the overall hardware and software
design for our prototype. One of the primary goals was to
verify the functioning of our proposed cooling and heating
principle, so a sophisticated temperature control scheme was
not a priority for us at the time.
In order for open-loop control to work, we needed to manually calibrate the power output of the heater grid coils. This
entailed measuring the achieved temperature for a given input
3 Metal-Oxide-Semiconductor

Field-Effect Transistor.

4 https://www.adafruit.com/product/1411

power level and finding out what kind of model would best
describe the relationship between power and output temperature, in order to be able to select an arbitrary temperature
programatically.
To calibrate ThermoTouch, we thus conducted a series of
measurements of the prototype to measure the temperature
on a heater grid cell under varying PWM settings. For all
temperature measurements in this paper, we used a FLIR C25
thermal camera.
ThermoTouch’s power supply was set to output constant voltage. Using Ohm’s Law, we could then also calculate the total
power output in Watts of a thermal pixel for a given power
setting by measuring the output current of the power supply.
As shown in Figure 4, we found that there is a clear linear
relationship between power input to a grid cell and its surface
temperature, R2 = 0.98. We also found that PWM setting
has a linear relationship to output power and thus surface
temperature. To regulate surface temperature of the heater
cells we therefore use a linear transfer function for PWM
value to surface temperature with R2 = 0.98.
A final step to characterize ThermoTouch was measuring the
maximum heating and cooling rate. We did this by measuring the time a ThermoTouch thermal pixel takes to transition
between the minimum producible temperature (5 ◦ C with the
current cooling apparatus) and a target temperature of 70 ◦ C
for heating and vice-versa for cooling. We obtained a maximum heating rate of 21.4 ◦ C/s and a maximum cooling rate
of -2.82 ◦ C/s. Note that the 5–70 ◦ C temperature range was
chosen primarily to highlight the thermal output capabilities
of our prototype, and to facilitate measurement of the heating/cooling rate due to longer temperature ramp times. In an
interactive application appropriate temperature ranges should
be chosen to prevent pain, e.g., 20–40 ◦ C.

Visual Output through Overhead Projection

ThermoTouch uses overhead projection to display visual content overlaid on the thermal grid. The thermal grid is covered
with a white 2 mm thick thermal conductive silicone layer to
act as a projection surface. We use a laser pico projector6 for
visual output.

COMPARISON TO PELTIER ELEMENT

To allow a comparison of ThermoTouch to previous thermal
displays, where the most used thermal transducers were Peltier
elements, we conducted a series of evaluations of the 20 × 20
mm CP40236 Peltier module 7 . Although a large number
of different Peltier Modules with different characteristics are
available on the market, we believe this module is a representative sample for comparison with ThermoTouch as it is
a good candidate for use in thermal displays, as it (1) is well
documented, (2) has an excellent temperature output range
and (3) is easily available for purchase from online retailers.
The cost of the CP40236 is high, however, at around USD 16
per module in 2016.
Peltier Measurement Apparatus

To enable us to conduct systematic measurements of the Peltier
element, we used a motor controller8 with bipolar (i.e., reversible) power output. This allowed us to select power output
to the Peltier for both heating and cooling. We used an Arduino Micro-controller to provide the PWM control signal to
the motor controller.
The Peltier element itself was glued to a 250 g solid aluminum
heatsink with thermal epoxy (Figure 5). The heatsink acts as a
thermal buffer to keep the temperature of the hot or cold side
of the Peltier constant during cooling or heating, respectively.
Peltier Heating and Cooling Characteristics

Similar to our evaluation of ThermoTouch, we measured the
surface temperature for a given input wattage using a thermal
camera. As with ThermoTouch the relation is linear, but with
two separate gradients for cooling and heating. As is confirmed by the Peltier element’s data sheet, cooling requires
significantly more power input than heating. Running the
Peltier element up to a maximum power output of 5.4 W for
heating and 18 W for cooling, we measured an average of
0.12 W/◦ C for heating and an average of 1.2 W/◦ C for cooling.
Figure 6 shows the power vs. temperature plots for heating
and cooling with the Peltier element.
We also measured the maximum heating and cooling rate of
the Peltier elements. Using a maximum power output of 15.3
W for heating (which would destroy the element if not reduced
after a short amount of time), and 17 W for cooling, we performed three time measurements of temperature change from
ambient to a target temperature. Similar to the experimental
setup for ThermoTouch, the target temperatures for the Peltier
element were 70 ◦ C for heating and -6 ◦ C for cooling. We
found an average heating rate of 8.95 ◦ C/s for heating and -3.5
◦ C/s for cooling.

Pixel Area
Heating (70 ◦ C)∗
Cooling (5 ◦ C)
mm2
W
W / mm2 W W / mm2
Device
Peltier
400
5.4
0.014
12
0.03
ThermoTouch
645.16
32.11
0.05
18
0.028
Table 1. Comparison of Peltier and ThermoTouch for power
consumption for heating and cooling at a constant temperature.
∗ The cooling system’s baseline power consumption of 18.12 W per grid
cell are added to the ThermoTouch heating values. Note that, no
baseline power consumption, e.g., for a cooling fan, was taken into
account for the Peltier element.

400 mm2 for the Peltier element and 645.16 mm2 for a ThermoTouch grid cell, we can calculate the power consumption
by surface area in W/mm. For ThermoTouch, we also need to
take into consideration the cooling system’s constant power
consumption of 18.12 W per grid cell. Table 1 shows the
results of this comparison with the power consumption results
normalized for thermal pixel surface area.
As the table shows, ThermoTouch is has similar cooling efficiency as the Peltier element, but is less efficient for heating
pixels up to high temperatures. A Peltier Element will naturally be most efficient at ambient temperature, as it then won’t
need any power applied in this special case. For prolonged
use, however, Peltier elements will also require a constant heat
dissipation mechanism such a fan on the heatsink, in order to
keep one side of the device at a constant temperature. Based
on this comparison, we argue that thermal displays based on
the ThermoTouch approach will become more efficient than
Peltier elements as the surface area grows and as more thermal
pixels are added to device, since Peltier elements will also
need additional peripheral devices such as fans to dissipate
excess heat.
Lastly, our measurement of the Peltier’s maximum heating and
cooling rates reveal that the Peltier element cools faster, at -3.5
◦ C/s vs. -2.82 ◦ C/s for ThermoTouch. However, the Peltier element was slower at heating up, with 8.95 ◦ C/s vs. 21.4 ◦ C/s
for Peltier and ThermoTouch, respectively.
Of course, these results are a comparison of ThermoTouch
with a specific Peltier element, and thus do not lend themselves
to further generalization. However, we believe that they are
indicative of ThermoTouch’s competitiveness in terms of energy efficiency, output temperature range and thermal change
rate with a typical Peltier element that could be used to build
thermal displays.
Open-Loop Control and Power Profile Function

6 http://www.sony.com/electronics/portable-projectors/

As previously stated, ThermoTouch performs open-loop temperature control. In the previous section we outlined how to
determine a linear mapping between input power and output
temperature. However, applying power only as defined by the
linear mapping for temperature changes, e.g., when heating
one grid cell up from 15◦ C to 45◦ C would result in a relatively
slow temperature change time, as full output power for rapid
heating or zero output power for rapid cooling would not be
applied in this way.

mp-cl1
7 http://www.cui.com/product/resource/cp40.pdf
8 Parallax HB 25 https://www.parallax.com/sites/default/
files/downloads/HB-25-Motor-Controller-Guide-v1.3.pdf

Thus, we propose a compromise solution, where we use a
power profile function to provide a full power or zero power
temperature ramp for heating and cooling, respectively, for

Discussion

When normalizing our measurement results of heating and
cooling power consumption for the device footprint, i.e.,
5 http://www.flir.com/instruments/c2/
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Figure 6. (a) Power vs. temperature chart for cooling with Peltier Element. (b) Power vs. temperature chart for heating with Peltier Element.
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Figure 7. Example power profiles for positive temperature change (left)
and negative temperature change (right) for the open loop control used
by ThermoTouch.

an estimated temperature ramp (up/down) duration, and then,
after a delay, revert to the power setting required by the linear power-to-temperature mapping to maintain the desired
final temperature. Figure 7 illustrates the profile functions for
heating and cooling.
To be able to define the profile function, we use the maximum
the maximum heating and cooling rates that we measured in
the previous section, Sheat and Scool in ◦ C/s. The parameters
for the power profile function pgridX,gridY,t0 ,t1 (s) (where s is
time in seconds) for changing temperatures from t0 to t1 for
a grid cell at location (gridX, gridY) can then be calculated
using the following steps:
1. Calculate temperature delta: tdiff = t1 − t0 .
2. Obtain final power setting p1 for t1 from the linear powerto-temperature mapping of t1 .
3. if tdiff >= 0 calculate temperature ramp duration sramp in ms
and power setting pramp as follows:
sramp = tdiff /Sheat ∗ cramp
pramp = pmax
4. if, on the other hand tdiff < 0:
sramp = tdiff /Scool ∗ cramp
pramp = 0

cramp ∈ (0, 1) is a coefficient that acts as a safety buffer that
reduces the ramp time in order to limit the chance of overshooting (while effecting a positive temperature change) or
undershooting (while effecting a negative temperature change)
the desired target temperature.
The power profile function can thus be defined as:

pramp 0 ≤ s ≤ sramp
pgridX,gridY,t0 ,t1 (s) =
p1
s > sramp

(1)

DEMO APP: VIDEO WITH THERMAL FEEDBACK

To showcase the capabilities of ThermoTouch, we created a
demo application showing video playback with an additional
thermal-haptic output channel for thermal displays such as
ThermoTouch. Using this technique, supports the creation of
highly educational content demonstrating, e.g., thermal processes such as adiabatic heating or cooling in meteorology
(where the movement air masses up or down a mountain slope
results temperature changes). However, current video playback formats do not contain any metadata that can be used
to render thermal output at the time of video playback. We
therefore also added an editor component to our demo application that allows content creators to define thermal metadata
to augment videos with a thermal output channel. Manual
keyframe editing may not be desirable in all cases, therefore
we propose an automatic keyframe generation algorithm at the
end of this section.
System Architecture

We implemented a software architecture (see Figure 2) for a
UI that allows simultaneous editing and playback of thermal
annotations for a source video. The UI is entirely web-based
and consists of an edit view and a playback view. Both views
can be run simultaneously in two browser windows. The
edit view can be used for editing thermal keyframes on a PC
whereas the other can be run on to play back the video on
ThermoTouch’s projector. Figure 8 show’s an overview of the
system architecture used for the demo.
Server We implemented a Node.js server that allows clients to
load the edit and playback views. The server saves and loads
keyframe definition files for use in the edit view. Furthermore,

Video File
load

{“videoSource”:
“coffe_draw.mp4”,
“keyFrameList":
[{"id": 0,
"gridState": [28, 27, 23,
23, 42, 43, 32, 21, 34, 37,
36, 25, 40, 39, 30, 23], "
time": 0.0},
. . .
]}

Keyframe Definition File
save / load
thermal display command

Arduino

Node.js Server

thermal display request

hardware control
video playback / seek commands

Edit View
(Browser)

video playback / seek commands

view / edit keyframes

Playback View
(Browser)

Thermal Output Device

Figure 8. Architecture overview of our thermal keyframe editing/playback system.

the server handles requests for thermal output and communicates these via a USB serial connection with the Arduino
micro-controller that controls ThermoTouch’s thermal output.
Edit View We developed a user interface (UI) for manual
keyframe editing which runs in the edit view. The UI shows
a grid overlaying the video (Figure 9, left) to be annotated
with a thermal output channel. Through mouse drags in individual grid cells, the user can set temperatures that lie within
ThermoTouch’s temperature output range. The edit view UI
allows initiation and pausing of video playback, or scrolling
to a given timestamp using a slider bar. Keyframes can be
added using an “add keyframe” button. Added keyframes are
shown in list form, where they can be selected, reordered or
deleted. Each keyframe list item shows a thumbnail preview
of the thermal grid, which indicates thermal output state at the
keyframe’s timestamp. Once finished with editing, the user
can save the generated keyframe list as a Json file comprised of
the name of the video source file, the id of the keyframe, a list
of temperature values that the grid should display and a time in
the source video at which the defined temperature values must
be set. Furthermore, the edit view controls video playback in
the playback view through web socket events that are mediated
by the server described previously. The edit view also uses
the keyframes to couple thermal output ThermoTouch to time
information obtained during video playback. I.e., the edit view
sends requests to the server to display the appropriate thermal
information on the thermal output device, depending on the
current video timestamp.
Playback View The playback view (Figure 9, right) is designed to be shown on a thermal output device. It shows
only the video, has no UI elements and is remotely controlled
through the edit view via web sockets.
Automatic Thermal Keyframe Creation

Although manual editing of keyframes offers great flexibility,
it may be preferable to automatically generate keyframes for a
thermal feedback channel from suitable source material. For
instance, video obtained from a thermal camera is directly
convertible to a stream of keyframes for a thermal feedback
channel, as it directly encodes thermal information from the IR
spectrum. Regular video can also be considered, in some cases,
where there is a clear interpretation of image properties as they
relate to heat information. For instance, videos of physical
process involving heat, e.g., a rocket engine firing, or a welding

arc usually emit large amounts of visible light. These brighter
pixels can be used to generated thermal feedback information.
Similarly, the flames of certain chemical elements have a
distinct spectral hue.
In the following, we outline an algorithm (see Figure 10 for
a corresponding flowchart) that can be used to automatically
generate a sequence of keyframes from a source video for a
thermal feedback channel.
1. (If necessary) crop the source video so that its aspect ratio
matches that of the thermal grid.
2. Convert the video to grayscale (e.g, for video obtained
from a thermal camera), or process the pixel information as
required.
3. Scale down the number of pixels of the video to match the
grid resolution of the thermal output device9 .
4. Export individual frames as bitmap images
5. To achieve a desired thermal refresh rate for ThermoTouch
(e.g., 1 fps), calculate the mean for each grid cell over
groups of frames within the desired time interval.
6. Normalize the data to fit the thermal output capabilities of
ThermoTouch. We normalized for ThermoTouch’s temperature range of 3–63◦ C) using the mapping:


i
t(x,y) (i) =
− 3 ∗ 63
(2)
255
where i is the intensity of the input pixel at (x, y) with
0 <= i < 255.
7. Output as keyframe list for output by ThermoTouch.
Using the resulting keyframe list, our application can then
play back the source video on ThermoTouch with a thermal
feedback channel.
FUTURE WORK: LARGE SCALE THERMAL DISPLAYS

The ThermoTouch prototype we presented in this paper is a
reference design for a thermal display using liquid cooling and
resistive heating. However, ThermoTouch currently has neither a larger display area nor a higher number of thermal pixels
9 Usual scaling algorithms such as bilinear interpolation will result in
desired effect an averaging of the pixel values collectively represented
by a grid cell of the thermal output device.

Playback View

Edit View

Figure 9. The edit view (left) allows the user to define the thermal output temperatures using a grid that is overlaid on the source video. Each grid cell
corresponds to a heater/cooler cell on a thermal output device. The playback view (right) is slaved to the edit view, to allow playback of the video
without editor UI components on a thermal output device.
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Figure 10. Flowchart that depicts automatic keyframe generation for
thermal output.

than prototype described in a previous work [11]. Nevertheless, our measurements of the ThermoTouch system in terms
of energy consumption and temperate change rate show that it
is feasible to scale up the system to larger physical dimensions
and a significantly higher amount of thermal pixels.
In the following, we describe ideas of how to scale up the
ThermoTouch technology and also what research could be
conducted using ThermoTouch technology for large-scale thermal displays in the future.
Scaling Up ThermoTouch

In order to scale up ThermoTouch effectively, further deliberation is required on thermal pixel design, electronics and
cooling system:
Thermal Pixel Design One limiting factor in our current design is the size of the heater PCB. This can only scale up
to the maximum PCB size a PCB manufacturer is willing to
make available for purchase. Such single, large-scale PCBs

can be very expensive due to rejects in production, so simply
enlarging the existing PCB with more thermal pixels is not a
favorable approach.
Rather than using larger PCBs, our approach for scaling up
ThermoTouch will focus on using individual heater PCBs the
size of a thermal pixel. The heater PCBs are mounted on
top of an interconnectable manifold component, creating a
self-contained thermal pixel. Each pixel unit is connected
to four others with connection plugs that allow free flow of
cooling water underneath the heater PCB. In order to seal the
boundaries of the thermal display, pixels comprising the edges
have only three connection points and pixels on the corners
only two connection points.
Our design will allow for the heater power supply and capacitive sensing wires to be run through the wall of the associated
manifold component. This concept allows us to build a very
large display by connecting the required number of individual
thermal pixels into one large assembly.
Although the proposed manifold component design could be
produced through CNC milling process as is the manifold
we use in our current prototype, multiple workpiece rotations
would be required to make the necessary cuts. We have therefore prototyped the manifold components using 3D printing,
with promising results. Figure 11 shows a photo of an initial
prototype for manifold component of our scalable water cooled
thermal pixel concept. However, to guarantee a shape with
consistent measurement tolerances, a watertight fit between
thermal pixels and a rapid production rate, we are exploring the
use of injection molding to produce large numbers of manifold
components.
Electronics A high amount of thermal pixels would preclude
us from using off-the-shelf driver boards for a fixed number of
PWM outputs, such as the driver board used for the prototype
in this paper. As previously mentioned, a low-cost and effective approach for multiplexing large numbers of PWM outputs
is by cascading shift registers. To reduce the component complexity of the power board, we can use power MOSFET ICs
that house 8 or 16 MOSFETs instead of discrete MOSFETs.

to study and present the characteristics of ThermoTouch. However, we wish to discuss several limitations of both our evaluations and of ThermoTouch that may provide more tangible
boudaries to some of the assumptions we have put forward in
this paper.

Figure 11. 3D printed prototype of the manifold component design for a
scalable thermal pixel. Connections not only physically join the pixels,
but provide openings for coolant flow under the heater PCBs to be
located on top of the pixels.

Increasing the number of pixels will require us to either employ a more powerful power supply or add additional power
supplies for heating the thermal pixels. However, monitoring
the interactive surface with a depth sensor could allow us to
identify the area of the thermal display the user is interacting
with, thus freeing us from the requirement to power the entire
surface at all times, which in turn would reduce the maximum
required power output required from the power supply.
An optional component that could be added to each thermal
pixel in future designs is a temperature sensor, which would
allow the thermal display to be run in a closed loop control
mode, thus allowing more rapid temperature changes than the
present prototype.
Cooling System A consequence of a larger interactive area is
that the cooling system may need dissipate a greater amount
of heat. We would thus need to install either a greater reservoir
to act as a buffer to temperature changes or, preferably, a more
powerful chiller unit, in particular if the prototype is expected
to run the most thermal pixels on a hot setting for extended
periods of time.
Power and Cost Scalability As we discussed, power supply
unit and cooling power demands increase proportionally with
the amount of thermal pixels in a ThermoTouch-like system.
However, we believe that our current prototype has neither
reached the limits of the power supply unit nor the chiller unit.
Coupled with the fact that ThermoTouch achieves a similar
power consumption for cooling, and that Peltier elements themselves require additional heat dissipation devices that consume
power, we believe that a scaled up version of ThermoTouch
will be more efficient in terms of power consumption per thermal pixel and display surface area than previous approaches
to thermal displays.
Cost-wise, we believe ThermoTouch can scale efficiently due
to the low cost and complexity of the individual thermal pixel
design (in terms of component manufacturing and required
control electronics) and because liquid cooling systems scale
well to large-scale applications, i.e., large numbers thermal
pixels on the display.
ASSUMPTIONS AND LIMITATIONS

The main contribution of this paper is an exploration of ThermoTouch, a novel technological solution to creating thermal
displays. We have applied our best efforts at the present time

Concerning the evaluation of the Peltier element, we did not
provide active cooling to it as for our ThermoTouch prototype.
However, we glued 1 inch thick solid aluminum heatsinks
with thermal epoxy to one side of the Peltier elements we
were testing to act as a heat sink for the short evaluation series
we conducted. For longer-term active operation of Peltier
elements, air or liquid cooling systems (as proposed by Gallo
et al. [3]) would be necessary.
Concering the heat-up test of the Peltier element, we didn’t
use the 18.5 W Qmax (as defined in the datasheet) for heating
to prevent overheating of the element during our test, so it
may heat up faster than reported in this text, when driven at
maximum power.
We propose an open-loop method of temperature control, but
have not conducted a formal evaluation of its functioning.
We have, however verified the linearity of the power vs. temperature behavior as well as a constant maximum heating /
cooling rate, so it is unlikely our control system’s output will
diverge much from the model we have determined through
empirical testing. However, if there are significant changes
in the coolant temperature, the heating and cooling rates may
changed and may cause abnormal behaviors. In future versions, it may be useful to install at least one temperature sensor
in the coolant circuit to adapt the temperature change profile
to slight changes in coolant temperature.
We claim our approach is more scalable than using Peltier
elements—however, we do not present a large-scale prototype
in this work, so our assumptions are admittedly not verified
by reduction to practice. We, nevertheless, make the following observations: (1) since thermal displays would rarely run
all pixels at maximum output temparature, average cooling
demands can be significantly lower than the theoretical maximum. Therefore, a cooling system with a low constant power
consumption can be used. Peaks in cooling demand can be
bridged via the thermal capacity of an adequate amount of
pre-cooled coolant in a reservoir. (2) Peltier elements can
also take advantage of liquid cooling. (3) It is evident that
the power output of liquid cooling systems will need to scale
with the size of the thermal display; the power output of the
coolant system is not a fixed variable. We believe, however,
that the efficiency of liquid cooling will increase when scaling
up the prototype from its present size. (4) On a large scale,
resisitive heating grids will be cheaper to manufacture and
electronically control than discrete Peltier elements.
CONCLUSION

In this paper we presented ThermoTouch, a thermal display
that uses a new approach for cooling and heating. We detailed
its the hardware and software implementation. We measured
the power consumption characteristics of the device and obtained a linear mapping function from input power to surface
temperature, allowing open-loop control of the surface temper-

ature of the device’s thermal pixels. Making further measurements of ThermoTouch’s maximum heating and cooling rates,
we also described how to generate a power profile function to
enable rapid changes between thermal pixel temperatures. The
goal of presenting these technical details was to inform the
CHI community in the best way possible of how to build the
new type of thermal display technology we propose, thus inspiring other researchers and practitioners to construct similar
thermal displays in the future for their own activities.
In order to provide a comparison with an established implementation approach for thermal displays, we conducted a technical comparison of our prototype with the most popular type
of thermal transducer found in the literature, the Peltier element. We found that ThermoTouch is comparable to Peltier
elements in terms of temperature output range, temperature
change rates, and cooling power consumption. However, the
power consumption measurements we conducted do not take
into account additional required heat dissipation devices required to operate Peltier elements for long periods of time.
We believe that these properties of ThermoTouch make ThermoTouch technology suitable for the construction of largescale thermal displays. We outlined considerations on thermal
pixel construction, electronics and cooling system that are
required to scale up ThermoTouch from the current prototype
implementation.
As a demonstration application, we showcased a playback and
keyframe editing system for video with a thermal feedback
channel.
Lastly, we believe that large-scale thermal displays based on
the approach outlined in this paper may afford interesting
opportunities for future research.
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