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1. Introduction

Retroreflection is a well-known optical phenomenon
[1,2] that has been applied to a wide range of appli-
cations such as traffic signage [3], 3D displays [4–6],
head-mounted displays [7,8], adaptive optics [9], and
noncontact range sensors [10,11]. In practice, corner-
cube structure is popularly used to generate retrore-
flection [12]. Theoretically, perfect retroreflection
occurs by a corner cube with 90° dihedral angles.
However, in many practical applications, imperfect
retroreflection with a finite divergence, i.e., quasi-
retroreflection, is more desirable than perfect retro-
reflection [13,14]. For example, for traffic signage
and safety applications, quasi-retroreflection rather
than perfect retroreflection is necessary because the
headlight of an automobile directed toward traffic
signage should be reflected toward the driver’s head
rather than the headlight lamp, i.e., light source, as

shown in Fig. 1. The observation direction repre-
sented by observation angle β is not parallel to the
light illumination direction parameterized by the
entrance (incidence) angle α.

The quasi-retroreflection function that is required
for the traffic signage cannot be achieved, if it has
perfect corner-cube arrays. According to the ASTM
standard [3], the performance of the traffic signage
application is evaluated by measuring the quasi-
retroreflection efficiencies for the entrance angles
of −4° and 30° at the observation angles of −0.5°
and 1°. Therefore, quasi-retroreflection control along
the vertical direction is required for traffic signage
applications, as can be seen in Fig. 1.

In general, such quasi-retroreflection characteris-
tics are realized through statistical variation in
fabrication control or artificial deviations from per-
fection in corner-cube fabrication. In our previous
study [14], quasi-retroreflection induced by a posi-
tional error at the apex point of the corner-cube
structure was analyzed. In this case, however,
quasi-retroreflection is not controllable, but merely
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randomized imperfect retroreflection. In [14], even a
small positional deviation of the apex point of the
corner cube induces a considerable divergent quasi-
retroreflection spectrum profile on the directional
vector space. The generation of controlled quasi-
retroreflection using the adjustment of the apex
point position is difficult and not robust.

In this paper, we propose a corner-cube structure
with a trapezoid free-form surface structure
designed for generating precisely controlled quasi-
retroreflection that can be broadened either verti-
cally or horizontally. It is shown that the divergence
angle of the quasi-retroreflection and retroreflection
efficiency can vary with adjustment of the structural
parameters. As a result, the objective design of the
optimal quasi-retroreflection corner-cube structure
with the quasi-retroreflection angle of 1° is presented
with geometrical optic simulation of the quasi-
retroreflection patterns of the designed corner-cube
sheets.

This paper is organized as follows. In Section 2, a
geometric model of the quasi-retroreflection corner-
cube structure and the design principle are de-
scribed. In Section 3, parametric study of variations
in the quasi-retroreflection pattern and efficiency is
conducted. In Section 4, based on the analytical re-
sults, the optimal design of the quasi-retroreflection
corner-cube sheet is modeled, and its quasi-
retroreflection property is characterized. Finally, a
conclusion is given in Section 5.

2. Geometric Model of Quasi-Retroreflection Corner
Cube

Before addressing our main idea about quasi-
retroreflection, we review briefly the basic properties
of the perfect retroreflection by a triangular pyramid
corner cube in Fig. 2(a). A ray with directional vector
kinc � �kx; ky; kz� is incident on the entrance facet
P1P2P3. The incident ray is reflected three times
at the orthogonal inclined facets of the corner cube
and exits from the entrance facet with directional
vector, kref � −�kx; ky; kz�. Because the ray makes a
round trip inside the corner-cube structure, the exit
position is slightly shifted from the entrance position
by Δr, as shown in Fig. 2(a), but the reflected ray is
still parallel to the incident ray. In this case, the
retroreflection pattern can be taken by a superposi-
tion of many effective retroreflection areas that are

shifted transversally, in the detector plane distant
from the retroreflection corner cube [12,15,16].

In general, positional shift Δr may be dependent
on various structural parameters such as incidence
angle, incidence position, and dimensions of the
corner cube. In Fig. 2(b), we illustrate a design of
the corner-cube structure with a shallow and trans-
parent 1D periodic trapezoid refractive free-form
surface for generating quasi-retroreflection.

Themechanism of quasi-retroreflection generation
in the proposed structure can be understood in terms
of the combination of the entrance–exit facet pair of
the corner-cube structure. Consider the ray that is
incident on a facet, transmitted onto the effective ret-
roreflection area of the corner cube, and continues to
travel inside the corner cube and returns to the free-
form structure. As mentioned above, the entrance
and exit points are separated by a spatial shift,
Δr. The entrance and exit points of a ray can exist
on the same facet of the free-form surface, even
with shift Δr, or assigned on separate unparalleled
facets. In the former case, the ray is perfectly retro-
reflected, but quasi-retroreflection of the ray with a

Fig. 1. Automobile traffic application of quasi-retroreflection: en-
trance and observation angles are denoted by α and β, respectively.
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Fig. 2. (a) Perfect retroreflection in a corner-cube structure.
(b) Proposed quasi-retroreflection corner-cube structure with trap-
ezoid free-form surface. (c) Generation of perfect and quasi-retro-
reflections according to the combination of entrance–exit pair at
the trapezoid free-form surface.
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considerable deviation from the perfect retroreflec-
tion path is induced for the latter case. We can
classify retroreflection types according to the permu-
tative combination of entrance–exit facet pairs. Re-
garding the proposed structure depicted in Fig. 2(b),
we identify three possible cases of entrance–exit
combinations (F1–F1, F2–F2, and F3–F3) for perfect
retroreflection and a total of six cases for quasi-
retroreflection, which are listed in Table 1. If both
entrance and exit facets of a ray are the same (for
example, F1), the reflected ray is parallel to the
incident ray, which corresponds to the perfect retro-
reflection case. On the other hand, if the exit facet is
facet F2, the refracted ray to free space is not parallel
to the incident ray. Also, the degree of deviation is
dependent on the directional difference between
the surface normal vectors of the entrance and exit
facets. The surface normal vectors can be controlled
by adjusting the base angles and height of the
trapezoid unit.

3. Control of Quasi-Retroreflection by Structural
Parameters

The proposed quasi-retroreflection structure is mod-
eled and analyzed by ZEMAX software. In Fig. 3, the
simulation setup is schematically shown. Rays emit-
ted from a point source are illuminated on the en-
trance facet of the pair of two triangular pyramid
corner cubes with free-form surface array. Here,
the unit of the free-form surface array is assumed
to be a trapezoidal form parameterized by base angle
φ and flat plane widthm. Widthm corresponds to the
flat facet F2 in Fig. 2(c). The reflected rays are mea-
sured by a flat rectangular power detector distant
from the structure. The detector used in ZEMAX

modeling is transparent to the source, but records
the rays emitted from the corner-cube pair. The focus
of the analysis is the control of reflection angle and
power of quasi-retroreflection.

In Figs. 4(a) and 4(b), prism arrays are attached on
the entrance facet in the vertical and horizontal
directions, respectively. The refractive indices of
the prism and corner cube, period of the prism array,
and edge size of the regular triangular corner
cube are set to 1.5, 0.2, and 2.4 mm, respectively.
According to Cases 3 and 7 in Table 1, two quasi-
retroreflection beams are generated by those configu-
rations. The pattern captured by the detector verifies
the generation of quasi-retroreflection. Interestingly,
the quasi-retroreflection patterns reflect the effective
retroreflection area of the corner-cube pair.

We conduct the parametric study on quasi-retrore-
flection variation with prism base angle φ and
the topside flat plane width of trapezoid m of the
proposed structure. In Figs. 5 and 6, the quasi-
retroreflection patterns that vary with the base angle
are presented. A considerable change in the reflec-
tion angle with the base angle of the prism sheet
is clearly observed, confirming that the quasi-retro-
reflection angles are controlled by the base angle.

The relationship between the observation angle
and the base angle is plotted in Fig. 7(a). Analysis
shows that observation angle β is proportional to
base angle ϕ without respect to whether the prism
array is placed in the horizontal or vertical direction.

The quasi-retroreflection associated with Case 3 is
geometrically analyzed in Fig. 7(b). Let the base
angle of the trapezoid grating, incidence angle of
an illumination ray measured from the surface nor-
mal of the incidence facet, and the refraction angle
measured from the surface normal of the refraction
facet be denoted by φ, ϕ, and γ, respectively. At the
incidence facet, the refraction angle of the illumina-
tion ray, ψ , is solved by n and ϕ:

Table 1. Classification of Retroreflection with respect to
Combination of Incidence Entrance and Reflection Exit Facets

Case Entrance Exit Retroreflection

1 F1 F1 Perfect
2 F1 F2 Quasi
3 F1 F3 Quasi
4 F2 F1 Quasi
5 F2 F2 Perfect
6 F2 F3 Quasi
7 F3 F1 Quasi
8 F3 F2 Quasi
9 F3 F3 Perfect

Fig. 3. ZEMAX modeling of the proposed quasi-retroreflection
corner cube.
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Fig. 4. (a) ZEMAX modeling and simulation results of the quasi-
retroreflection corner-cube structures with (a) vertical and (b) hori-
zontal prism arrays on their entrance facets.
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n sin ψ � sin ϕ: (1)

The refracted ray is retroreflected to meet the
refracting facet. Refraction angle γ is obtained from
Snell’s law at the surface of the refraction facet as

n sin�2φ − ψ� � sin γ: (2)

The angle deviation of the quasi-retroreflection from
the perfect retroreflection is obtained by

δ � δ�φ;ϕ;n� � γ � ϕ − 2φ; (3)

which is equal to the difference between the observa-
tion and entrance angles. The angle deviation of the
quasi-retroreflection, δ � δ�φ;ϕ;n� � γ � ϕ − 2φ, is
plotted with base angle φ and entrance angle,
α � ϕ − φ. When entrance angle α is zero, i.e., normal
incidence, observation angle β is equal to angle
deviation, δ.

The angle deviation graph of δ for the normal
incidence angle in Fig. 7(c) accords well with the
ZEMAX simulation result in Fig. 7(b). As entrance
angle α � ϕ − φ increases, the angular deviation of
the quasi-retroreflection is also amplified. For
example, for the entrance angle of 60° and the
base angle of 1°, the angle deviation of the quasi-
retroreflection reaches 2.8°. Figure 7(c) shows the ef-
fect of the entrance angle on the deviation of the
quasi-retroreflection. For the other cases in Table 1,
similar analytic formulas of the angular deviation of
the quasi-retroreflection can be constructed.

On the other hand, the power ratio of quasi-
retroreflection to the perfect retroreflection and
the total power sum of those two cases transcend
analytic description, and their analysis necessitates
numerical analysis. The power of the quasi-retrore-
flection with varying topside flat plane width of
the trapezoid structure is measured. In Fig. 8, the
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Fig. 5. Quasi-retroreflection patterns in horizontal gratings for
various base angles, φ, (a) φ � 0°, (b) φ � 0.15°, (c) φ � 0.30°,
and (d) φ � 0.45°. The relation of the observation angle to the base
angle is represented graphically.
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Fig. 6. Quasi-retroreflection patterns in vertical gratings for vari-
ous base angles, φ, (a) φ � 0.25°, (b) φ � 0.30°, (c) φ � 0.35°, and
(d) φ � 0.40°. The relation of the observation angle to the base
angle is represented graphically.
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quasi-retroreflection powers of the horizontal and
vertical configurations of the free-form structures
are tested with variation in m. As the topside flat
plane width extends, the reflection efficiency of
perfect retroreflection increases, but the quasi-
retroreflection decreases, revealing a trade-off
relation of the regular and quasi-retroreflections
mediated by the topside flat plane width. For
comparison, the total reflection power is plotted for
flat plane width m in Fig. 8.

When parameter m is zero, the free-form surface
forms a periodic prism array structure. In this case,
the highest power of quasi-retroreflection is
obtained. Varying parameter m, the total reflection
power being equal to the sum of the perfect-
retroreflection and quasi-retroreflection stays almost
constant.

However, as the flat plane width m widens, the
amount of the perfect retroreflection of Case 5
becomes significant, the quasi-retroreflection power
decreases gradually with flat plane width m. The
analysis shows that the topside flat plane width of
the free-form surface is an effective control param-
eter of quasi-retroreflection, but the power ratio of
the quasi-retroreflection is limited by an upper
bound value of about 30%. On the prism structure

with m � 0, the inclined facets, F1 and F2, con-
strained the increase of the quasi-retroreflection
since the perfect retroreflections categorized by
Cases 1 and 9 become dominant. Quasi-retroreflec-
tion is supported by Cases 3 and 7. At this point,
the geometric ratio of the quasi-retroreflection
reaches approximately 30%.

4. Quasi-Retroreflection Corner-Cube Sheets

Analysis is extended to a more practical array sheet
form of the proposed quasi-retroreflection corner-
cube structure [15–18]. In Fig. 9(a), the optical setup
of characterizing the quasi-retroreflection property
of the corner-cube sheet is schematically illustrated.
A point-wise source with a cone-shaped divergent
radiant profile shines sufficiently wide to cover the
target corner-cube sheet away from the source by
distance d. When collecting the far-field directional
profile of the retroreflection of the target object with
the hemispherical polar detector, i.e., the angular
spectrum profile in the directional cosine vector
space, we can employ the equivalent optical setup de-
picted in Fig. 9(b) for efficiency ZEMAX analysis. It
represents the large area source emitting converging
ray bundles being directed to the corner-cube unit
and covering its entrance facet. The retroreflection
pattern of a corner-cube unit fixed at the upper-right
corner of the corner-cube sheet, shown in Fig. 9(a),
which is recorded by the polar detector, is approxi-
mated by that of the corner-cube unit illuminated
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Fig. 9. (a) Perfect retroreflection in a corner-cube structure.
(b) Quasi-retroreflection by a corner-cube structure with a triangu-
lar surface relief.
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by the partial source localized around the lower-left
corner of the extended source.

For the corner-cube sheet simulation, we employ
the polar detector that resolves the angular spectrum
profile in the directional cosine vector space.
Figures 10 and 11 present the reflection light pattern
measured by the polar detector for four free-form sur-
faces with a few base angles, where distance d of the
source from the sample are, respectively, set to d �
200 mm and d � 20000 mm. The light source is
taken by a 5 × 5 matrix configuration. For a source
specified at a fixed distance of d � 200 mm and size
of 240 × 240 mm, we vary the base angle as φ � 0°,
φ � 1°, φ � 2°, and φ � 3° and measure the reflec-
tion spectra at the polar detector. As proven in the
previous analysis, the nonzero base angle induces
quasi-retroreflection.

In the simulation, the free-form surface is horizon-
tally arranged on the entrance surface of the corner
cube. The free-form surface induces a split of the per-
fect retroreflection along the vertical direction. In
practice, the light source is quite distant from the
corner cube. The solid angle covered by the corner-
cube sample narrows. The reflection spectrum of this
case with d � 20000 mm is presented in Fig. 11. The
angular bandwidth of the incident light source is set
to be smaller than 0.5°. The perfect retroreflection of
the corner-cube sheet is plotted in Fig. 11(a). The at-
tachment of the free-form surface induces a broaden-
ing in the measured light pattern, which is ascribed
to the generation of quasi-retroreflection in the
entire area of the corner-cube sheet. Fine tuning of
the base angle controls the vertical extension of

the reflection light pattern on the hemispherical
detector. We have shown that the deterministic con-
trollability of quasi-retroreflection can be achieved
by adjustment of the structural parameters of the
free-form surface structure.

5. Conclusion

In conclusion, we have analyzed the quasi-
retroreflection from a corner-cube structure with a
trapezoid refractive free-form surface structure
and shown that the adjustment of the surface
free-form structure allows control of the quasi-
retroreflection profile and its efficiency. The optimal
quasi-retroreflection corner-cube sheet for specified
observation angle can be designed based on the
proposed method. In practice, the proposed structure
is feasible for manipulating high-performance retro-
reflection sheets.
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