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Relationship Between Optical Efficiency and
Temperature Increase in Aerial Heater Optical System by
Use of Retro-Reflector and Punched Metal Beam Splitter

Sotaro Kaneko’, Kazuaki Takiyama®, Shiro Suyama’ and Hirotsugu Yamamoto’

Abstract

We propose an aerial heater optical system that enhances the realism and operability of interactive

aerial displays by providing thermal sensation at the aerial image position. The system is based on aerial imaging

by retro-reflection (AIRR) by use of a punched metal beam splitter and an aluminum-coated corner cube array to

converge far-infrared radiation (FIR) from a heat source. Ray-tracing simulation confirms the principle and

quantifies the optical efficiency based on structural parameters such as the hole diameter, pitch, and thickness of

the punched metal, and the prism size of the retro-reflector. A prototype has been developed and indicates a strong

correlation between the simulated optical efficiency and the measured temperature increase.

Keywords: aerial heater, aerial display, AIRR, presenting thermal sensation, multimodal, retro-reflector, punched metal plate.

1. Introduction

Augmented reality (AR) and virtual reality (VR)
technologies are rapidly evolving and have been applied
across a wide range of fields, including entertainment,
medicine, and industryl- 2. While these technologies
provide immersive experiences, they typically require
head-mounted displays or special eyewear devices.

On the other hand, aerial displays have attracted
increasing attention®. These displays form real images
in mid-air by use of passive optical elements that
converge light from a source. Despite no physical
hardware at the aerial image position, users can view
the aerial image with the naked eye, without special
devices. Due to their hygienic and contactless nature,
aerial displays have been expanded in practical
applications such as elevator control panels, self-
checkout systems in convenience stores, and automated
teller machines.

Various aerial display techniques have been
developed, including aerial imaging by retro-reflection
(AIRR)?, dihedral corner reflector arrays (DCRA)%,
micro-reflector arrays, and micro-lens arrays®. The

AIRR is particularly suitable for contactless interfaces
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due to its wide viewing angle and flexible optical layout.
AIRR is appropriate for many applications of see-
through aerial displays”, non-contact interfaces using
sensors and high-speed cameras®: 9, real-time video
communication systems that display camera-captured
images!?, and large-scale aerial displays!V.

However, aerial displays have a problem that users
can only receive feedback through visual cues. Moreover,
individual differences in depth perception can cause
difficulty in recognizing the image position, resulting in
degradation of realism and incorrect touch positioning!2.
Previous studies have reported that reaching toward the
aerial image can enhance depth immersive sensation
and reduce spatial uncertainty!®. To improve immersive
sensation and usability, multimodal interfaces that
incorporate thermal, tactile, visual, or auditory feedback
have been investigated!® 15, The comparison of
multimodal feedback technologies is shown in Table 1.
Aerial haptics using acoustic radiation pressure generate
mid-air haptics sensations by converging ultrasonic at
the user’s hand position®: 17, Directional ultrasonic
speakers such as Holographic Whisper create spatially
localized audible sound spots by using ultrasound as a
carrier, forming an ultrasonic focus in air with a phase-
controlled array, and applying amplitude modulation at
audible frequencies!®).

An aerial heater enables thermal feedback by

converging far-infrared radiation (FIR) at the aerial image
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Table 1 Comparison of multimodal feedback technologies for

aerial interfaces.

Modality  Principle Effect

Thermal Passive optics converge far- Localized warmth
infrared radiation (FIR) in mid-air
Phase-delayed ultrasonic
transducer array forms an  Localized

Haptic interference focus, and touch/vibration

generating acoustic radiation in mid air
pressure

Phase-controlled ultrasonic
array uses an am pl_ltude- " Localized audible
. modulated ultrasonic carrier
Auditory . spot
to form an ultrasonic focus . .
o . . in mid-air
in air, producing spatially
localized audible sound

position, allowing users to perceive a localized
temperature sensation in mid-air. Implementations
include the square-pipe array (SPA), crossed-mirror array
(CMA), the double-layered arrays rectangular mirror
(WARM), and the AIRR-based method in this study. A
comparison of AIRR, CMA, SPA, and WARM is shown in
Table 2. CMA converges FIR by double reflection using
orthogonal mirror arrays, which scales to large apertures
and remains a simple passive construction!®: 20, SPA
converges FIR by using multiple internal reflections in
hollow square pipes, enabling large-area FIR convergence
and supporting large thermal displays2?. WARM
converges FIR by Single reflection per layer in a two-layer
horizontal and vertical array, offering scalability and easy
integration with visible-light optics. Other research has
proposed hybrid systems that integrate visible-light AIRR

with WARM?22: 23) enabling simultaneous visual and

Table 2 Comparison of Aerial heater : AIRR / CMA / SPA/ WARM.

System  Principle Features

Single optical axis for
visible and FIR,
high layout flexibility

AIRR Retro-reflection

Double reflection with Easy large-aperture

CMA : ’

orthogonal mirror arrays  scaling
SPA Multiple internal reflections Large-area FIR

in hollow square pipes convergence

Single reflection per layer Scalable to large
WARM ina 2D array horizontal ~ structures, easy visible

and vertical array optics integration

thermal presentation. A multimodal display combining
sound, heat, and visual elements using a scaled CMA
structure has also been demonstrated. However, CMA,
SPA and WARM-based systems require separate optical
paths for visible and thermal presentation, which
complicates the system design and limits layout
flexibility. In contrast, AIRR allows for integrated
control of both visible and far-infrared imaging in a
single optical axis. By using a single light source that
emits both visible light and FIR, such as an
incandescent lamp, halogen lamp, or solar simulator,
visible and thermal aerial images can be formed
coincidently without additional optics, making AIRR
suited to combined visual-thermal presentation with
better scalability.

In this study, we propose a novel aerial heater optical
system based on AIRR, by use of punched metal as a
beam splitter and a corner-cube prism array as a retro-
reflector. This study clarifies the operating principle of
the proposed system through ray-tracing simulation and
how structural parameters such as the hole diameter,
pitch, and thickness of the punched metal and the prism
size of the retro-reflector affect optical efficiency.
Furthermore, we develop a prototype and experimentally
measure the temperature increase to verify the
correlation between simulated optical efficiency and

thermal performance.

2. Principle

2.1 Aerial imaging by retro-reflection (AIRR)

The principle of AIRR is shown in Fig. 1. The system
consists of a light source, a beam splitter, and a retro-
reflector. The light emitted from the source is partially
reflected and transmitted by the beam splitter. The
reflected light enters the retro-reflector and is retro-
reflected back toward the beam splitter. A portion of this
retro-reflected light passes through the beam splitter

Aerial image
Beam splitter

Light source

&/ Retro-reflector

Fig. 1 Principle of aerial imaging by retro-reflection (AIRR).
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and forms an aerial image at a plane symmetric to the
light source.

2.2 Aerial heater by use of retro-reflector and

punched metal

The principle of the Aerial heater used in this study is
shown in Fig. 2. The proposed optical system consists of
a heat source, a punched metal beam splitter, and a
corner-cube retro-reflector. The punched metal, shown in
Fig. 3, consists of a periodic array of apertures. The
metal parts reflect infrared radiation, while the
apertures allow its transmission. The corner-cube retro-
reflector, shown in Fig. 4(a), is coated with aluminum on
its internal surfaces. The incident far-infrared light
undergoes three internal reflections within each retro-
reflective prism to become retro-reflected light, as shown
in Fig. 4(b). A geometric ray shift occurs between the
incident ray and the retro-reflector during this process.
As a result, the return position of the light is displaced
depending on the prism size. In the proposed optical
system, this ray shift is utilized so that a portion of the
retro-reflected light passes through the aperture of the
punched metal. Consequently, the punched metal
effectively functions as a beam splitter.

In this study, FIR is treated as rays because the
apertures of the optical elements are much larger than
the wavelength. With the heat source peak wavelength A

Aerial heater
Punched metal

Heat source

Fig. 2 Principle of Aerial heater based on retro-reflector and

Pitcfa Hole size

Fig. 3 Punched metal’s structure.

punched metal.

5 e

o

67

Ray shift

Incident light \L‘
\

Retro-reflective light

®)

Fig. 4 Characteristics of the retro-reflector. (a) Retro-reflector’s

structure. (b) Ray shift in the retro-reflector.

of 3 um and aperture size D is 1 mm to 10 mm for the
punched metal and retro-reflector. the ratio a/A is on the
order of 3.3 x 102 to 3.3 x 103, indicating that diffraction
is a secondary effect. The geometrical-optics condition is
given by
a
7 > 1 ¢))
For a circular aperture, the first-null angle and the
corresponding blur diameter at a propagation distance L

are given by

y)
~ z 2
0 ~ 2.44 ) 2)

d~ 0L (3)

Using L of 400 mm yields rd of approximately 0.98
mm for D of 3 mm and 0.29 mm for D of 10 mm, which
supports the geometrical-optics treatment24.

FIR from the heat source is reflected by the metallic
portions of the punched metal and transmitted through
its apertures. The reflected light enters the retro-
reflector and is retro-reflected toward the punched
metal. Due to the geometric shift, a portion of the retro-
reflected rays align with the apertures and pass through
them, forming an aerial heater at a plane symmetric to

the heat source with the punched metal. A user can feel

radiant heat by placing their hand at the image position.
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The proposed optical system requires precise design of
the punched metal and the retro-reflector, as these
components strongly influence the infrared reflection
and transmission characteristics. The structural
parameters of the punched metal, such as hole diameter
d, pitch p, and thickness ¢, significantly affect the
balance between reflection and transmission. The prism
size of the retro-reflector determines the amount of
geometric ray shift, which in turn influences the
convergence and distribution of infrared rays.

Even in the infrared region, metals exhibit high
reflectivity. The open area ratio of the punched metal,
determined by its geometry, plays a critical role in
defining both the initial reflectance and the effective
transmittance after retro-reflection. The aperture ratio o

with a 60° staggered hole pattern is given by

nd?

a = ————— 4‘
232 (4)
The optical efficiency 7 of the system can be expressed as

5

Where Rpyp is the initial reflectance, T is the

1= Rpyp X Rpp X T X (1 = Apyp) X (1 = Agg)?

transmittance on the second pass, Rgrr is the retro-
reflectance, and A is the absorption rate at each interface.
During the first incidence onto the punched metal, the
reflectance Rpyp can be approximated as 1-o, where o is
the aperture ratio defined by the hole geometry.

However, during the second incidence after retro-
reflection, the transmittance 7T is not simply equal to o.
It depends not only on the open area but also on the
thickness of the punched metal and the geometric ray
shift caused by the retro-reflector. Oblique incidence and
internal wall reflections within the apertures further
complicate the effective transmittance. Therefore, an
accurate estimation of 7" must consider both the ray
deviation and the aperture aspect ratio.

The retro-reflector used consists of three mutually
orthogonal surfaces, forming a cube corner array. When
light is retro-reflected toward the incident direction, it
undergoes a geometric shift in its optical path. This ray
shift plays a critical role in determining whether the
retro-reflected rays pass through the apertures of the
punched metal on their second incidence. The magnitude
of this shift depends on both the prism size and the
angle of incidence. Therefore, optimizing the prism
dimensions is essential for maximizing transmission
efficiency, achieving proper energy convergence, and

controlling the temperature distribution at the aerial

68

image position.

The punched metal thickness ¢ also affects
performance. Increased thickness raises the possibility
of internal wall reflections and obstruction of oblique
rays, reducing transmittance. However, excessively thin
structures may deform under thermal load, misaligning

the optical system.

3. Simulation

3.1 Principle validation by ray-tracing simulation

To verify whether the proposed optical system can
correctly converge FIR at the aerial image position, we
conducted a ray-tracing with FRED version. 22.90.
FRED (Photon Engineering, LLC) is a commercial
optical-engineering software widely used for ray-tracing
simulations. The details of the model we used. The
punched metal had a hole diameter of 10.0 mm, pitch of
13.5 mm, thickness of 2.0 mm, and length and width of
300 mm x 200 mm. The retro-reflector with a prism size
set to 10 mm was arranged like a square 200 mm in
length and width.

The distance from the point light source to the
punched metal was 350 mm, and the punched metal and
the retro-reflector were also placed at a 45° angle to each
other with a separation of 100 mm. A total of 10,000
rays were emitted from the point source. A receiver was
placed at the aerial heater position to record the ray-
tracing results.

The simulation results are shown in Fig. 5. The rays
emitted from the point source are reflected by the
punched metal, retro-reflected, transmitted through the
punched metal again, and successfully converging at the
aerial image position. The ray distribution confirmed that
the energy is concentrated at the focal position, thereby

verifying the principle validity of the proposed method.

Aerial heater

Punched metal

Retro-reflector

Heat source

Fig. 5 Image formation of an aerial heater by ray tracing.
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3.2 Analysis of simulated optical efficiency based

on hole diameter and pitch of punched metal

Ray-tracing simulation examined how the hole
diameter, pitch, and aperture ratio of the punched metal
affect the simulated optical efficiency. The model
parameters are as follows. The hole diameter varied
from 1 mm to 10 mm in 0.5 mm increments. For each
diameter, the pitch was adjusted to achieve open area
ratios between 30% and 80%. The punched metal had
fixed dimensions of 300 mm x 200 mm and a thickness of
1.0 mm. The hole array followed a 60° staggered pattern.
The retro-reflector used the same prism size of 1.4 mm
as in the temperature measurements discussed later,
arranged in a 300 mm x 300 mm square. The positions
of the optical components were set at a 45° incident
angle from the point light source to the punched metal,
and a distance of 350 mm between them. The punched
metal and retroreflector were also positioned at 45° to
each other with a 150 mm separation. The point light
source emitted 1,000,000 rays. The simulated optical
efficiency was calculated as the number of rays
converging at the focal point divided by the total number
of emitted rays, based on the AIRR principle.

The simulated result for optical efficiency is shown in
Fig. 6. The highest simulated optical efficiency is
obtained when the aperture ratio is between 60% and
70%, particularly when the hole diameter is 3.0-4.0 mm.
The maximum simulated optical efficiency is
approximately 7%.

In these simulated results, the hole diameter and
pitch of the punched metal are key factors controlling
the trade-off between transmission and reflection. An
open area ratio in the range of 60% to 70% is be optimal
for simulated optical efficiency. These simulated results
will be validated through comparison with the

experimental results described in the following sections.
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—u—30% 40%

60%
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Fig. 6 Simulated optical efficiency of the proposed aerial heater.
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4. Experiments

To investigate the relationship between the simulated
optical efficiency and the measured temperature
increase, an aerial heater optical system was developed
and the temperature increase was measured. The
experimental setup is shown in Fig. 7. An infrared
heater with a peak wavelength of 3 ym and a rated
power of 400 W was used. The five types of punched
metals, PMP1 to PMP5, are shown in Table 3. The
punched metals were made of SUS304, and five patterns
with different hole diameters, pitches, and thicknesses
were prepared. All punched metals had outer
dimensions of 300 mm x 200 mm.

A custom-made full-corner cube array with a prism
size of 1.4 mm, featuring an aluminum-coated surface,
was used. Its outer dimensions were 200 mm x 200 mm.
In the optical configuration, the distance from the heat
source to the punched metal was set to 350 mm, and the
distance from the punched metal to the retro-reflector

was 105 mm. For temperature measurements, a thermal

Thermal camera Retro-reflector
N\

105mm 350mm
Heat f
eat source
AN
350mm Punched metal

Aerial heater

Fig. 7 Temperature measurement of the experiment setup.

Table 3 Parameters of a punched metal.

Hole size (mm)  Pitch (mm)  Thickness (mm) efﬁgg:z;:% )
PP 1 15 30 10 23
PP 2 15 3.0 08 36
PMP 3 20 35 08 53
PMP4 20 30 10 52
PMP5 30 40 10 65
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camera (Fluke Til00) was used, and at the aerial image
position, a black cardboard screen was placed. This
screen was 310 x 260 mm, black cardboard with 20 mm
wide slits spaced at 20 mm intervals. The slit design
reduced horizontal thermal diffusion, allowing
visualization of localized measured temperature
increases. The experiment was conducted in an air-
conditioned room with the temperature set at 25 °C. The
initial temperature was defined as the temperature of
the screen placed at the aerial heater position before
activating the heat source, measured using a thermal
camera. Each condition was measured three times to
evaluate reproducibility.

The measured temperature increase over time at the
aerial image position for each punched metal is shown in
Fig. 8. In all configurations, the temperature increases
with time, but the increasing rates and maximum
temperatures are different across conditions. The case of
6% simulated optical efficiency of PMP5 has the
maximum increasing rate of 8 °C from an initial
temperature of 25 °C to 33 °C after 10 minutes. The
relationship between simulated optical efficiency and

measured temperature increase is shown in Fig. 9.
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Fig. 9 Relationship between simulated optical efficiency and

temperature increase.
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Fig. 8 Temperature increase of the aerial heater.
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Higher simulated optical efficiency in the simulation
also results in higher measured temperature increase.
The correlation coefficient between simulated optical
efficiency and measured temperature increase is 0.99,
indicating a strong positive correlation.

These results demonstrate the effectiveness of the
proposed aerial heater method and confirm that the
design parameters of the punched metal significantly

influence the measured temperature increase.

5. Discussion

This section discusses the results of the ray-tracing
simulations presented in section 3 and the experimental
measurements described in section 4. The simulated
results clarify how the structural parameters of each
optical component influence the resulting temperature
increase. In particular, the ratio of hole diameter to
pitch in the punched metal directly affects not only the
aperture ratio but also the balance between reflection
and transmission, which is critical for efficient aerial
heating. In this study, we clarify that the maximum
simulated optical efficiency occurs when the hole
diameter is between 3 mm and 4 mm, corresponding to
an aperture ratio of 60-70%. This result is based on a
retro-reflector with a prism size of 1.4 mm; thus,
different prism sizes are expected to alter the ray shift,
potentially shifting the optimal parameters.

The thickness of the punched metal also plays an
essential role. A thicker punched metal increases the
likelihood of oblique infrared rays being blocked or
reflected within the hole walls, reducing transmittance
and suppressing the temperature rise at the aerial
image position. Although this study used commercially
available punched metal with a thickness of 1.0 mm,
reducing the thickness could improve effective
transmittance and, consequently, thermal efficiency. We
clarify a strong correlation between the simulated
optical efficiency and the measured temperature
increase. Configurations predicted to have higher
simulated optical efficiency in the simulations
consistently resulted in greater measured temperature
increases in the experiments. This indicates that
simulated optical efficiency is a key factor in
determining the thermal response of the aerial heater
system. Nevertheless, we observe slight discrepancies
between simulated and measured results, likely due to
structural variations such as warping or misalignment
of the punched metal, which can affect the focal position

and energy convergence. Furthermore, regarding the
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effect of the relative position between the punched metal
and the retro-reflector on optical efficiency, a slight
influence was indicated in our preliminary evaluation.
Our ray-tracing analysis showed that while small
positional deviations change the absolute efficiency
values, the overall distribution and trend remain
similar. Therefore, only the representative results under
ideal alignment are presented in this study, and a more
detailed investigation of positional dependence will be
addressed in future work.

The proposed aerial heater technology shows strong
potential for applications in contactless user interfaces
and interactive displays, as it provides not only visual
output but also thermal feedback. By combining thermal
sensation with visual cues, users can more intuitively
perceive the presence and depth of aerial images. This
approach offers a novel pathway to enhance multimodal
user interaction, leveraging the unique characteristic of
AIRR in which no physical hardware exists at the image

formation plane.

6. Conclusion

In this paper, we confirm that the relationship
between simulated optical efficiency and measured
temperature increase with an aerial heater optical
system with the retro-reflector and the punched metal
beam splitter. Ray-tracing simulation quantifies the
optical efficiency by structural parameters such as hole
diameter, pitch, and thickness of punched metal, and
prism size of the retro-reflector affect simulated optical
efficiency. The analysis shows that an aperture ratio of
60-70% with a hole diameter of 3.0-4.0 mm maximizes
simulated efficiency.

We develop a prototype of an aerial heater and
measure the temperature increase. In all configurations,
we observe a temperature increase, but the rate of
temperature increase and the maximum temperature
depend on the condition. The case of 6% simulated
optical efficiency shows the highest temperature
increase of 8 °C from an initial temperature of 25 °C to
33 °C after 10 minutes. A higher simulated optical
efficiency also results in a higher measured temperature
increase. The correlation coefficient between simulated
optical efficiency and measured temperature increase is
0.99, indicating a strong positive correlation.

These results demonstrate the effectiveness of the
proposed aerial heater system and confirm that the
structural parameters of the punched metal significantly

influence the measured temperature increase. It
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suggests that the proposed aerial heater can provide
non-contact thermal feedback to aerial images,
potentially enhancing the sense of realism and
operability in interactive aerial displays.

A part of this research was supported by JST Grant
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