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Abstract: Laser scanners with rotational Risley prisms produce scan patterns that can be classified
as a type of rhodonea curve, because of their symmetry. The present study builds upon the novel,
graphical method that we have developed to simulate and analyze such patterns using a commercially
available mechanical design program, CATIA V5R20 (Dassault Systems, Paris, France). This graphical
method has both the advantage of simplicity (regarding analytical methods) and of generating exact
scan patterns (in contrast to approximate methods). The aim of this work is to utilize this method
to study symmetry properties of scan patterns produced by a pair of rotational Risley prisms. A
multi-parameter analysis is performed, considering the characteristic parameters of the approached
scanner: refractive indexes and angles of the prisms, as well as their rotational velocities. Furthermore,
Marshall’s parameters are considered: ratios of the rotational velocities and of the prism angles.
Because the symmetries are identical for scan patterns generated by all the four possible configurations
of a pair of prisms (and only their dimensions are different), the shape of these patterns is studied only
for one of these configurations. Therefore, without losing generality, the symmetries of the patterns
produced by such scanners are determined, as well as some of their characteristic dimensions. Rules-
of-thumb were obtained to be able to generate patterns that are appropriate for a specific application.
Moreover, we demonstrated that the existing symmetries simplify the process of obtaining the scan
patterns by identifying repetitive parts (defined as structures of symmetry) of a pattern.

Keywords: optical devices; laser scanning; Risley prisms; rotational wedges; scan patterns; symmetry;
simulations; multi-parameter analysis

1. Introduction

Optical and laser scanners with Risley prisms are one of the most utilized two-
dimensional (2D) scanning devices [1–19]. They are employed in a large range of applica-
tions, from commercial to industrial and at high-end, the latter especially in biomedical
imaging and in Remote Sensing. For such applications, Risley prisms scanners compete
with:

(i) Dual axis galvanometer scanners (GS) [20–23], which are the most precise optomechan-
ical scanning system regarding beam positioning, as well as the most compact and
cost-effective [1,2]. Regarding scanning modalities, GSs can work in raster [23–25],
spiral [26,27], Lissajous [28,29], or (lately in) adaptive scanning [30].

(ii) 2D scanning heads with a polygon mirror (PM)—to produce the scan line for the fast
scan axis—and a GS (for the slow axis scanner) to precisely position this scan line in
order to produce raster scanning [31–34].

(iii) The increasingly utilized Micro-Electro-Mechanical Systems (MEMS) with oscillatory
mirrors [35–37], which function similarly to 2D GSs, with the advantage of the focusing
of the beam on the single mirror, which is oscillating on two perpendicular axes.
However, their field-of-view (FOV) is (still) much smaller than for GSs.
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Regarding the above scanning systems, rotational Risley prisms are faster and more
compact, have lower-cost, and they allow for a wide dimensional range of their diameter,
from sub-millimeter (e.g., for endoscopes) [38] to hundreds of millimeters (e.g., for satellite
positioning) [39]; furthermore, they can have a large FOV. The drawbacks of such scanners are
related to the highly non-linear, rather complicated scan patterns that they produce [10–19].
These patterns are generated and studied today with three (types of) methods:

- The approximate method, which considers the first order/paraxial approximation for
optical wedges (i.e., small angle prisms) [15], is simple and fast, but it only provides
approximate scan patterns.

- Analytical methods, which are exact but rather complex [16–19].
- The graphical method that we have introduced [40] and developed [41], for which ray-

tracing is performed using a mechanical design program, in our case CATIA V5R20
(Dassault Systems, Paris, France). In this way, the simulation of exact scan patterns of
Risley prisms can be achieved, in an intuitive, time-effective, and easy way.

Building on this latter method, the aims of the present study were:

• To explore the symmetries that can be obtained for scan patterns generated by a pair
of rotational Risley prisms. Such symmetries are definitely present, as these patterns
are, from a mathematical point of view, a type of rhodonea curve [42]. This can be
seen from their shapes, which have been approached both by early works employing
approximate methods [15] and by our (exact) graphical method studies [40,41].

• To perform a multi-parameter analysis that is necessary for such systems, by consider-
ing the different characteristic parameters of the scanner, to determine their impact on
the symmetries of the patterns.

• To extract rules-of-thumb regarding the shape of scan patterns. Thus, existing sym-
metries can be helpful in simplifying the way such patterns are generated. Eventual
symmetries could be applied in using only a portion of a pattern (that is precisely
obtained) and then multiply it in a repetitive way to draw the entire pattern.

2. Laser Scanners with a Pair of Rotational Risley Prisms

The schematics of a laser scanner with a pair of Risley prisms is presented in Figure 1a,
as extracted from simulations that we have performed using CATIA V5R20. A characteristic
feature of such scanners is that each prism is oriented with one of its diopters (noted with
“a”) perpendicular on the optical axis (O.A.) of the system, which is its axis of symmetry.
Only the other diopter of each prism (noted with “b”) is tilted with regard to the O.A.
Considering this aspect, the four possible configurations of this system (as pointed out
in the entire literature on this topic) are presented in Figure 1b to e. Without losing the
generality of the symmetry study, in the present work only one of these four configurations
(specifically, ba-ab) is approached, because we demonstrated in [41] that the scan patterns
that different configurations generate have the same shape; they differ only in dimensions.

Prisms 1 and 2 are rotating with the angular velocities ω1 and ω2, respectively. The
incident (center axis of the) laser beam is oriented through the O.A., and is refracted through
the four diopters towards a scanned plane/screen perpendicular on the O.A. The current
relative position of the prisms produces an emergent beam that has a center that intersects
the screen in a current point P. The position of this point can be characterized in systems
of rectangular or polar coordinates (to be defined in Section 4), both with the center in the
point O. This point is the intersection between the O.A. (i.e., the direction of the axis of the
incident beam) and the screen.

Throughout the study, to highlight only symmetry aspects, the laser beams are con-
sidered reduced to their axes of symmetry, therefore their intersections with the screen are
reduced to points P that define specific curves—the scan patterns. Considering the finite
diameter of the beams and therefore their distortions of the laser spots in the scanned plane
has been approached in the literature [43,44], it is not the topic of the present study.
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Figure 1. (a) Laser scanning with a pair of rotational Risley prisms—modelling with the graphical
method developed in [40,41] using a commercially-available mechanical design program, CATIA
V5R20. (b–e) The four possible configurations of this type of scanner, with the optical prisms oriented
differently with the diopter “a” (perpendicular on the optical axis (O.A.)) and the diopter “b” (tilted
with regard to the O.A.). In one of the common notations in the field, these four configurations are
named: (b) ab-ab; (c) ab-ba; (d) ba-ba; (e) ba-ab.

The other two characteristic parameters of the Prisms 1 and 2 are the refractive indexes
n1 and n2, as well as the prism angles, θ1 and θ2, respectively. They define, using the small
angles approximation, the well-known deviation angle of each prism in paraxial:

Di = (ni−1)·θi, i = 1, 2 (1)

These characteristics of scanners with rotational Risley prisms led Marshall to define
his elegant parameters: M, the ratio of the rotational speeds and k, the ratio of the angles
of the prisms (initially defined as the ratio of the deviation angles D2 and D1 of optical
wedges) [15]:

M = ω2/ω1 and k = θ2/θ1 = D2/D1 (2)

These parameters, together with the dimensions of the system must be considered in
any analysis of these scanners, therefore, they are utilized in the present study, as well.

3. Graphical Method to Study the Symmetry of Scan Patterns

Considering the two prisms in CATIA V5R20 and using the basic prisms equations

ε1 = −θ1; sin ε1 = n1 sin ε1
′; −ε1

′ + ε2 = θ1; n1 sin ε2 = sin ε2
′; ε2

′ = ε3;
sin ε3 = n2 sin ε3

′; −ε3
′ + ε4 = ±θ2; n2 sin ε4 = sin ε4

′,
(3)

written with the notations in Figure 2, the light bundles produced when the two prisms
rotate with regard to one another can be obtained, as shown in the examples in Figure 3.
To simulate their relative rotations (i.e., with the ratio M), the two prisms are rotated
incrementally with angular steps that are in this M ratio. By intersecting these bundles with
a plane perpendicular on the O.A., the produced scan pattern is obtained (Figure 3).
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Figure 2. Trajectory of the laser beam (reduced to its center axis) through the ba-ab configuration of
a scanner with a pair of rotational Risley prisms for two (extreme) relative positions of the prisms,
with a relative rotation angle of (a) 0 and of (b) π (rad) between them—for which one obtains the
maximum and minimum deviations angles Dmax and Dmin, respectively.

Figure 3. Light bundles simulated with CATIA V5R20 for the laser scanner with Risley prisms in
the ba-ab configuration, for: (a) M = 3 and (b) M = −3. A color convention is utilized throughout
this study, as in [40,41]: blue corresponds to scan patterns obtained by prisms that rotate in the same
direction (i.e., for M > 0), while red corresponds to scan patterns obtained by prisms that rotate in
opposite directions (i.e., for M < 0).

From Figure 2, with Equation (3), the maximum and minimum angular deviations
through the scanner are obtained:

Dmax,min = arcsin
{

n2 sin
[
±θ2 + arcsin

(
n1

n2
sin
(

θ1 − arcsin
sin θ1

n1

))]}
∓ θ2, (4)

for the two prisms rotated with an angle of 0 and π (rad) regarding each other, respectively—as
studied in detail for all four scanner configurations in [41].

For the (common) particular case of optical wedges, using the first order/paraxial
approximation, Equations (1) and (4) provide the expressions of the linearized (i.e., approx-
imate) deviation angles of the system:

Dmax, min
lin = D1 ± D2. (5)

Therefore, for two identical wedges (i.e., for n = n1 = n2 and θ = θ1 = θ2),

Dmax
lin = 2(n− 1)θ and Dmin

lin = 0. (6)
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In the case of identical prisms (not necessarily wedges), as Dmin = 0, the beam emerges
parallel to the O.A. (i.e., the dotted line in Figure 2b). From Equation (3), using the geometry
in Figure 2b, the linear deviation of the emergent beam regarding the O.A. is [41]

∆(θ) = b· tan θ· tan ε2 + e· tan[arcsin(n· sin ε2)], where ε2 = θ − arcsin sin θ/n, (7)

where e is the distance between the two prisms (i.e., between their “a” diopters), b is their
radius, and L is the distance from the “a” diopter of Prism 2 to the scanned plane. In all
the simulations that follow, the considered scanner parameters are (when not pointed out
otherwise): e = 25 mm; L = 1000 mm; n = 1.517; b = 25 mm.

4. Results: Simulated Scan Patterns for the Different Scanner Parameters

There are certain symmetries that can be observed in scan patterns generated by
rotational Risley prims scanners [15–19], including from our previous studies [40,41]. Using
the graphical method presented in the previous section, the scan patterns were obtained in
the following, referring to all the parameters pointed out above: Marshall’s ratios M and k,
the prism angles θ1 and θ2, as well as the refractive indexes n1 and n2.

4.1. Scan Patterns Generated for Integer Values of M

In order to observe the existing symmetry of the loops in the scan patterns (Figure 3),
as well as their dimensions in the x and y axes (Figure 4), several integer values of M were
first considered. They were chosen both even and odd, each of them both positive and
negative. In this way, a total of eight cases were approached, for M equal to ±2, ±3, ±4,
and ±5. In this subsection two identical prisms are considered, with D1 = D2 = 2◦, therefore
k = 1. The scan patterns for M = 2 and M = −2 are presented in Figures 4 and 5, respectively.

Figure 4. Symmetry in the simulated scan pattern for M = 2.

Figure 5. Symmetries in the simulated scan patterns for M = −2, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to 2π/3; (b) from
−π/3 to π/3; (c) from 0 to π/3.
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These simulations, as well as the ones that follow were made starting with the prisms
placed in the initial position in Figure 2a. Therefore, the initial point of each pattern is
P0(R, 0), with these coordinates in both the rectangular and the polar systems (i.e., Oxy and
Orϕ, respectively), as shown in Figure 4 (and valid for all other figures from the simulations,
as well). All scan patterns were generated in the clockwise sense, with the first point P0
that corresponds to the “tip” of a loop placed on the Ox axis. It is also placed on the circle
that circumscribes the pattern, corresponding to the scanner’s FOV.

Figures 6 and 7 present the scan patterns for the next two values, M = 3 and
M = −3, respectively. Figures 8 and 9 follow with the scan patterns for M = 4 and
M = −4, respectively, while Figures 10 and 11 show the patterns obtained for M = 5 and
M = −5, respectively.

Figure 6. Symmetries in the simulated scan patterns for M = 3, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to π; (b) from
−π/2 to π/2; (c) from 0 to π/2.

Figure 7. Symmetries in the simulated scan patterns for M = −3, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to π/2; (b) from
−π/2 to π/2; (c) from 0 to π; (d) from −π/2 to π/2; (e) from 0 to π/4.
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Figure 8. Symmetries in the simulated scan patterns for M = 4, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to 2π/3; (b) from
−π/3 to π/3; (c) from 0 to π; (d) from 0 to π/3.

Figure 9. Symmetries in the simulated scan patterns for M = −4, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to 2π/5; (b) from
−π/5 to π/5; (c) from 0 to π; (d) from 0 to π/5.
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Figure 10. Symmetries in the simulated scan patterns for M = 5, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to π/2; (b) from
−π/4 to π/4; (c) from 0 to π; (d) from −π/2 to π/2; (e) from 0 to π/4.

Figure 11. Symmetries in the simulated scan patterns for M = −5, highlighting the structures of
symmetry defined in Section 5, for relative rotational angles considered: (a) from 0 to π/3; (b) from
−π/6 to π/6; (c) from 0 to π; (d) from −π/2 to π/2; (e) from −π/6 to 0.
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Other two integer values of M, equal to ±1 can be considered. From the initial study
in [40], but also from Figure 2a, a circular trajectory of radius R is obtained for M = 1. For
M = −1, an elliptic trajectory is obtained, as pointed out from [15].

Clockwise rotation was defined in Figure 2 as the direction of both rotational angular
velocities—thus highlighting the M > 0 case in Figure 3a. In consequence, the scan patterns
were generated clockwise for M > 0. In the M < 0 case in Figure 3b,ω1 was chosen clockwise,
whileω2 had the counterclockwise direction. Therefore, the scan patterns in Figures 5, 7, 9
and 11 were generated in a clockwise direction, as well (i.e., in the negative sense of the
angle ϕ marked in Figure 4). If the directions of ω1 and ω2 were both changed, the scan
patterns would still be the same for M < 0, but they would be generated counterclockwise.

Symmetries of the scan patterns can be obtained from all the above simulations
performed regarding M. They are discussed in the following section, after completing in the
next subsections the rest of the simulations, regarding all the scanner’s characteristics. It is
worth pointing out that such simulations have been validated experimentally, for certain
different values of M, but also for different configurations of scanner with a pair of Risley
prisms, in several preliminary studies, including [45,46]. Certain experimental validations
were also performed in the initial study [40] for the ab-ba configuration, as well as, in a
more complete approach, in [41]. An experimental validation, for other cases than those
considered in our previous studies is performed in this work in Section 7.

4.2. Scan Patterns for Fractional Values of M

Scan patterns produced for fractional values of M are of lesser interest in applications.
If M is a rational fraction, a certain symmetry exists, as it can be observed in the examples
in Figure 12.

Consequently, for M = 1 + j/10, where j = 2,4,6, and 8, there are j such symmetry
structures/spiral-like patterns, as they are extracted in Figure 12(a2,b2) from the entire
trajectories that are presented in Figure 12(a1,b1). As the number j is even in these examples,
j/2 spiral curves are right oriented and j/2 curves are left oriented. If M is not a rational
fraction, then the produced pattern is not closed, and symmetries cannot be extracted for
that specific shape, as shown for example in [40].

4.3. Scan Patterns for Two Particular Cases of M

Two particular cases are obtained when one of the prisms is fixed and only the other
one is rotational. Such a study, regarding the initial phase of the prisms is common for
numerous works that approach such systems [47]—as the starting point of a study on
scanning with prisms [40,41]. The scan performed for such cases is presented in Figure 13:

(a) Prism 1 is fixed in four successive positions, equally spaced with an angle ∆ϕ1 = 90◦ re-
garding one another, while Prism 2 is mobile. Therefore, from Equation (2),
M = ω2/0 = ∞ (where the notations in Figure 1 were utilized).

(b) Prism 1 is mobile, and Prism 2 is fixed, with the latter positioned in four positions, each
with an angle ∆ϕ2 = 90◦ regarding one another. Therefore, in this case M = 0/ω1 = 0.

One may notice that the obtained circular scan patterns have a larger radius in the
case in Figure 13b, as the rotating of the laser beam is performed from a larger distance (i.e.,
L + e) from the screen (Figure 2a). In the case in Figure 13a, the obtained circles are smaller,
as the beam is rotated by the prism placed closer (i.e., at the distance L) to the screen.

4.4. Scan Patterns Generated for Different Values of k

A simulation of the patterns is performed in Figure 14 for |M| = 6 (and for both values,
positive and negative of M), considering two values of Marshall’s ratio k = θ2/θ1 = D2/D1:
(a) k = 10◦/2◦ = 5 and (b) k = 2◦/10◦ = 1/5. One may see the impact the difference in k
has on the shape of the patterns; this was the reason for choosing these values of the ratio.
However, the symmetries of the patterns are the same.
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Figure 12. Simulated scan patterns for (a) M = 1.6 and (b) M = 1.8, with (1) the entire scan pattern
and (2) one of the spiral-like symmetry structures extracted from the pattern.

Figure 13. Symmetries in the simulated scan patterns for (a) M = ∞ (i.e., for ω1 = 0) and for (b) M = 0 (i.e.,
for ω2 = 0). The successively increasing scan patterns in each figure correspond to successively increasing
values of the (equal) prism angular deviations D1 = D2 = 2◦ (purple patterns); 4◦ (orange patterns); 6◦

(green patterns); 10◦ (blue patterns).
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Figure 14. Symmetries in the simulated scan patterns for (1) M = 6 and (2) M =−6, for two values of the
parameter k = θ2/θ1 = D2/D1: (a) k = 5 (for D2 = 10◦ and D1 = 2◦) and (b) k = 1/5 (for D2 = 2◦ and D1 = 10◦).

4.5. Scan Patterns Generated for Different Values of the Prism Angle θ = θ1 = θ2

Figure 15 presents a simulation of the patterns obtained for two values of |M|, equal
to 3 and 6, for both positive and negative values of M. Pairs of identical prisms were
considered (therefore scanners with k = 1), with (equal) prism deviation angles D1 = D2 = 2◦

(blue pattern); 4◦ (orange pattern); 6◦ (gray pattern); 10◦ (yellow pattern). Prisms with these
deviation angles have been chosen throughout the study because they are commercially
available [48]. For the same reason, they have been utilized in experimental validations of
theory and simulations related to the developed graphical method [40,41,45,46].

One can observe how the FOV of the generated scan patterns increases in each figure
with the deviation angle of the prism. This is according to the trajectory of the beam in
Figure 2a, which defines the maximum linear deviation R on the scanned plane (i.e., the
radius of the FOV)—to be analyzed in the following sections.

4.6. Scan Patterns Generated for Different Values of the Refractive Index n = n1 = n2

Figure 16 presents the simulations of the patterns for |M| = 6, considering three
values of the (equal) refractive index of the two (identical) prisms: n = 1.517, n′ = 1.7, and
n” = 1.9. One can observe how, for the increasing values of the index, the (outer) dimension
R of the corresponding scan patterns (as noted in Figure 2a) successively increases as
well—in an almost arithmetic progression but which is actually determined by the max-
imum deviation angle Dmax, as discussed in the following section. However, the shape,
therefore the symmetries of the patterns remain the same, regardless of this parameter.



Symmetry 2023, 15, 336 12 of 24

Figure 15. Symmetries in the simulated scan patterns for (1) M > 0 and (2) M < 0, for two absolute
values of this parameter: (a) |M| = 3 and (b) |M| = 6. The successively increasing scan patterns
in each figure correspond to successively increasing values of the (equal) prism deviation angles
D1 = D2 = 2◦ (blue pattern); 4◦ (orange pattern); 6◦ (gray pattern); 10◦ (yellow pattern).

Figure 16. Symmetries in the simulated scan patterns for (a) M = 6 and (b) M = −6, for three
successively increasing values of the (equal) refractive index of the two prisms: n = 1.517, n′ = 1.7,
and n” = 1.9. The corresponding scan patterns are successively increasing: blue for n, orange for n′,
and green for n”.
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5. Multi-Parameter Analysis of the Scan Patterns

Several conclusions related to symmetry aspects can be extracted from the simula-
tions, to serve as rules-of-thumb for designing a scanner (i.e., for optimally choosing its
parameters), to obtain desired scan patterns.

5.1. Analysis Regarding Integer Values of M

• The symmetries of the patterns are identical for the same M, but with a different
number of axes of symmetry about the sign of M—from all the simulations, i.e., from
Figures 4–16.

• Inner loops are obtained for M > 0, while outer loops (or petals) are obtained for M
< 0, the latter with a reference to rhodonea curves [42]. This aspect can be observed
from all the performed simulations, but it has been pointed out in different studies,
starting with seminal ones [15]. It does not influence symmetry, but it can be utilized
to control the width of the generated loops, as well as their overlap (as pointed out in
the following section), to eventually adjust the fill factor (FF) of the patterns.

• The number of the axes of symmetry of a scan pattern is equal to its number of loops
µ, because from [15,40,41], but also from all the simulations performed for M equal to
±2, ±3, ±4, ±5, and ±6 (i.e., from Figures 4–11, 15 and 16), one has

µ = |M− 1|. (8)

We can conclude that the M ratio is the parameter that essentially determines the
symmetries of the patterns. This rule can be verified from each simulation above. For
example, for M = 2, there is only one symmetry axis, while for M = −2, there are three
such axes (as noticed in Figures 4 and 5, respectively). This rule is valid for all values
of M, except for the particular cases of ±1, 0, and ∞, as presented in Table 1.

• The angle between two consecutive symmetry axes is (as the axes are equally spaced)

α = 2π/µ. (9)

• From Equation (8) and observing the results of the performed simulations, a rela-
tionship between the number of loops (therefore, between the number of axes of
symmetry) can be obtained [41]:

µ(M < 0) = µ(M > 0) + 2. (10)

• A higher number of loops is important when a specific application requires to maxi-
mize the FF—as most applications do. In such cases, using negative values of M is a
method of optimization.

• The number A of axes of symmetry can be observed from the performed simulations,
from Figures 4–16 (Table 1). One may notice from the obtained patterns that for an odd
value of µ, A = µ, while for an even value of µ, A = 2µ/2. Therefore, in all situations

A = µ, ∀ |M| ∈ N∗ − {1}. (11)

i.e., except for the particular case of M = 1, for which the pattern becomes a circle
centered in O, therefore it has an infinity of symmetry axis.

• From the analysis in Table 1, another form of Equation (10) can be obtained, regarding
the number of symmetry axes:

A(M < 0) = A(|M|+ 2). (12)

• Structures of symmetry can be defined using (or extracted from) the patterns. We
define such a structure of symmetry as a continuous part of the scan pattern that starts
from a symmetry axis and can generate the entire pattern by being replicated with certain
angles of rotation for an integer number of times.
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The scope of defining and approaching such structures is to ease the process of
obtaining the patterns. If one (precisely) obtains such a structure, which has a limited
angular extension, by multiplying the structure of symmetry the entire scan pattern can
be obtained. Therefore, one does not have to simulate point-by-point the entire pattern;
obtaining a structure of symmetry would be enough.

From the definition above, it can be observed that a structure of symmetry is charac-
terized by its angular limits [ϕmin, ϕmax] in the polar system of coordinates Orϕ defined in
Figure 4. Theoretically, an infinity of symmetry structures could be extracted; for example,
for M = 3, they could have the angular extension [ϕmin, ϕmax + π], where ϕmin could be
chosen with any value between 0 and π. To avoid the number S of structures of symmetry
to be undetermined in such a way, we added to the definition above the condition to start
each symmetry structure from a symmetry axis (which in practice is Ox).

The limit angles [ϕmin, ϕmax] are identified in Table 1, as they are determined for
each of the S structures of symmetry that can be identified for each pattern obtained in
Section 4.1. This number S is in clear relationship with the values of M and µ. Therefore,
from Table 1, the limit angles of the symmetry structures can be obtained:

- For M = 2 => µ = 1 and S = 1, with

[ϕmin, ϕmax] = [0, π]. (13)

Therefore, the full pattern can be obtained by using its only symmetry, regarding Ox.
- For M ∈ {−1,−2, 3} => µ ∈ {2, 3} and S = 2, with

[ϕmin, ϕmax] =

{
[0, 2π/µ]

[−π/µ, π/µ]
. (14)

Therefore, the full pattern can be obtained by using its symmetry regarding Ox or
regarding Oy, respectively.

- For M = 4 => µ = 3 and S = 3, with

[ϕmin, ϕmax] =


[0, 2π/µ][
−π

µ , π
µ

]
[0, π]

. (15)

Therefore, the full pattern can be obtained by rotating the structure of symmetry with
angles of 2π/µ for µ times (for the first two structures) or by using a symmetry regarding
Ox (for the third structure).

- For M ∈ {−3,−4} or |M| > 5 => µ ≥ 4 and S = 4, with

[ϕmin, ϕmax] =


[0, 2π/µ][
−π

µ , π
µ

]
[0, π]

[−π/2, π/2]

. (16)

Therefore, the full pattern can be obtained by rotating the structure of symmetry with
2π/µ for µ times (for the first two structures) or by using a symmetry with regard to Ox
or with regard to Oy, for the third and fourth structure, respectively. The former case is
presented for M = 5 in the Supplementary Material, Video S1—besides the constructions in
Figures 7, 9 and 11, Figures 14–16. The specific procedure in the example presented in the
Supplementary Material was performed using the structure defined in Figure 10a.

We must highlight that, in order to further simplify the process of obtaining a pattern,
one may utilize only half of the loop (that is generated precisely), pointed out in each of the
last graph in Figures 4–11. This half-loop can be then multiplied using symmetries to draw
the entire pattern.
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Table 1. Study of the symmetries of the scan patterns regarding the ratio M.

|M| Ratio
M

Figure
Number of

Loops
µ = |M− 1|

Number of
Axes of

Symmetry * A

Structures of Symmetry
Remarks

Number S [ϕmin, ϕmax]

0 0 13b 1 1 - - The scan pattern is a circle eccentric to O

1
1 - 0 ∞ ∞ - The scan pattern is a circle centered in O

−1 - 2 2 1 [0, π]
[−π/2, π/2]

Elliptic scan pattern, with the main axes
(of symmetry) on Ox and Oy

2
2 4 1 1 1 [0, π] Symmetry axis: Ox

−2 5 3 3 2 [0, 2π/3]
[−π/3, π/3] Symmetry axis on the axis of each loop

3

3 6 2 2 2 [0, π]
[−π/2, π/2] Symmetry axes: Ox and Oy

−3 7 4 4 4

[0, π/2]
[−π/4, π/4]

[0, π]
[−π/2, π/2]

Symmetry axes: Ox, Oy (which are in this
case the symmetry axes of the loops), as

well as the first and second bisector

4

4 8 3 3 3
[0, 2π/3]

[−π/3, π/3]
[0, π]

Symmetry axes: the symmetry axes of
the loops, from which one is Ox

−4 9 5 5 3

[0, 2π/5]
[−π/5, π/5]

[0, π]
[−π/2, π/2]

From the angular intervals of the
structures of symmetry defined in this

Section 5.1, for each case corresponding
to M ∈ {−3,−4} or |M| > 5 (therefore

for several loops/axes of symmetry
µ ≥ 4), there are four possible methods

of constructing the full scan pattern
without considering all its points:

- by rotating the structure of symmetry
with angles of 2π/µ for µ times (for the
first two structures, of angular intervals

[0, 2π/µ] or [−π/µ, π/µ]).
- by using a symmetry with regard to Ox

or with regard to Oy, for the third and
fourth structure, respectively (defined by

the angular intervals [0, π] and
[−π/2, π/2], respectively, because of the

way the structures of symmetry were
defined, with the first point on one of the

axes Ox or Oy, just like the patterns).

5

5 10 4 4 4

[0, π/2]
[−π/4, π/4]

[0, π]
[−π/2, π/2]

−5 11 6 6 4

[0, π/2]
[−π/4, π/4]

[0, π]
[−π/2, π/2]

6

6 15(b1)
16(a) 5 5 4

[0, 2π/5]
[−π/5, π/5]

[0, π]
[−π/2, π/2]

−6 15(b2)
16(b) 7 7 4

[0, 2π/7]
[−π/7, π/7]

[0, π]
[−π/2, π/2]

∞ ∞ 13a 1 1 - - The scan pattern is a circle eccentric to O

* Because the initial point P0 of each generated pattern is always placed on the Ox axis (as explained in Section 4.1),
Ox is always one of the axes of symmetry—for |M| > 1.

• In applications, in order to be able to precisely predict the positioning of the (laser)
spot at every moment and thus, to have repeatability, integer values of |M| > 1
are of the highest interest, because such values have the fundamental property of
generating closed patterns, identical at every full rotation of the slow-moving prism
(which is always Prism 1—Figures 1–3). Moreover, such closed patterns simplify the
control of the scanning process, which is always an issue—regarding both sensors and
control structures for scanners of all types, both with oscillatory and with rotational
elements [49–51].
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5.2. Analysis Regarding Fractional Values of M

• Fractional values of M were only briefly considered in the present study because, as
shown in Figure 12, such M ratios produce multiple spiral-like curves. Such patterns
are closed if M is a rational fraction, and in that case, there is a certain symmetry;
however, such patterns may be utilized only in part, i.e., for one of the spiral-like
patterns. From the point of view of the scanning process, such cases are not of
particular interest, as from Equation (1) they are obtained for ω1 > ω2. Therefore,
the scan time is the same as in the M > 1 cases, equal to the rotation period of the
slow-moving prism (which is, in the M > 1 case, Prism 2—Figures 1–3), while the FF is
not necessarily higher (as the latter only depends on |M| and the sign of M).

• If M is an irrational fraction, then the generated pattern is not closed, and symme-
tries cannot be extracted for such specific shapes; however, this latter case can be of
interest when a high density (i.e., FF) of the patterns is the scope, in which case sym-
metries (as well as repeatability and eventually control) of the process might become
less important.

• For the particular cases of M = 0 or M = ∞ (i.e., when the second prism or the first one
is fix, respectively, and only the other one is mobile), the produced scan pattern is a
circle that is eccentric to the point O. Such a circle has as axis of symmetry the line
OP0 = Ox—Figure 13. These circles can be placed in different positions, by modifying
the initial phase of the movement, i.e., by shifting the position of the fixed prism.

5.3. Analysis Regarding Other Parameters of the Scanner

• The parameter k determines only the shape of the loops, as shown for example in
Figure 14. One may observe that regardless of the value of k, the symmetries given by
the parameter M are observed, as well.

• Scan patterns generated for different refractive indexes n of the two (identical) prisms
have the same symmetries that are obtained according to the M parameter. However,
different dimensions of the scan pattern are obtained (as shown in the examples in
Figure 16), according to the minimum and maximum angles, respectively. These
angles Dmin, max are provided by Equation (4). They produce the linear deviations
(thus, the FOV) deduced and validated experimentally in [41] for all the four possible
configurations of such scanners. Such dimensional characteristics are also briefly
pointed out in Section 6.

• Similar to the case of the index n, the angle θ of the (identical) prisms produces only
a scaling of the scan patterns (Figure 15). These patterns respect the symmetries
achieved for the parameter M, as well, with dimensions according to Equation (4).

• The distance e between the two prisms and the distance L from the “a” diopter of the
second prism and the scanned plane have no effect on symmetries. As studied in [41],
these parameters determine only the dimensions and not the shape of the patterns.

As a general conclusion to this section, the ratio M proves to be the essential character-
istic to be considered, as it is the only parameter of the scanner that dictates the symmetries
of the scan patterns.

6. Symmetry-Related Geometrical Aspects of the Scan Patterns

For all the scan patterns obtained using simulations, the rectangular (x, y) or the
polar coordinates (r, ϕ) of the current point P of the patterns (pointed in Figure 4) can be
obtained by using the graphical method—as shown in the examples in Figures 17 and 18
for M equal to 5 and −5, respectively. In both Figures 17 and 18, a total of 72 points were
considered for the full 2π (rad) rotation of the slow-moving Prism 1 (Figures 1–3). Therefore,
an incremental angular movement of π/36 = 10◦ corresponds to the angle between two
successive points P(r, ϕ) considered on the laser spot trajectory.

The r(ϕ) graph has clear symmetries, with several peaks equal to the number µ of
loops for a rotation period of the slow-moving Prism 1 of the system in Figure 1. The x(ϕ)
graph is symmetric regarding the middle of the period, as Ox is an axis of symmetry for
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each simulation. The y(ϕ) graph would be symmetric if the origin of movement was moved
to the middle of the rotation period (i.e., at ϕ equal to π).

While in the previous section several aspects regarding symmetries were extracted,
in the following several dimensional features of the patterns that can be obtained using
the graphical method are pointed out, as obtained from the example in Figure 19 for
|M| = 5 and for k = 1 (i.e., for identical prisms). The values of these dimensions are
provided in Table 2 for M = ±5 (and for the scanner parameters pointed out in Section 3).

Figure 17. Extracting from (a) the simulated scan pattern for M = 5 (b) the polar coordinates r(ϕ) and
the rectangular coordinates (c1) x(ϕ) and (c2) y(ϕ) of the current point P of the scan pattern (as shown
in the example in Figure 4).

• The FOV of the scanner corresponds to the circle circumscribed to the scan pattern and
is characterized by the radius R (Figure 2a). The value of R can be obtained graphically
using the simulated pattern in Figure 19 (Table 2). Analytically it has the expression

R = NI4 + L· tan Dmax, (17)

obtained using the linear deviation NI4 through the two prisms (determined analyti-
cally in [41]) and the maximum deviation angle expressed in Equation (4) (Figure 2a).
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Figure 18. Extracting from (a) the simulated scan pattern for M = −5 (b) the polar coordinates r(ϕ)
and the rectangular coordinates (c1) x(ϕ) and (c2) y(ϕ) of the current point P of the scan pattern.

• The radius ∆ of the inner circle, inscribed in the scan pattern can be obtained (Table 2),
in accordance with the value provided by Equation (7)—identical for M = 5 and
M = −5.

• The radii of the intersections of the loops can be determined graphically: r1, r2, and r3
for M = 5 (Figure 19a), as well as r1 and r2 for M = −5 (Figure 19b), while analytically
they would be difficult to obtain.

• The width w of a loop can also be easily obtained graphically, equal to the double of
the maximum y coordinate of a loop regarding the symmetry axis of the loop; this
ymax can also be obtained from the graph in Figure 17(c2) and Figure 18(c2).

• The radius rw that unites the points of the ymax coordinate is obtained directly from
Figure 19, but it could also be obtained as (x(ymax)2 + ymax

2)1/2, using values extracted
from Figures 17 and 18.
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Figure 19. Dimensional characteristics of the simulated scan patterns generated by a pair of rotational
Risley prisms, obtained for (a) M = 5 and (b) M = −5, pointed out in Table 2.
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Table 2. Parameters that define symmetries of the scan patterns—obtained with the graphical method
from the example in Figure 19, for |M| = 5.

Parameters of the Patterns
Obtained Graphically

from Figure 19

Value of the Ratio M = ω2/ω1

Figure 19a: M = 5 Figure 19b: M = −5

Linear/Radial (mm) Angular * (◦) Linear/Radial (mm) Angular * (◦)

Polar coordinates of the points that
define the FOV/circle

circumscribed to the scan
pattern (R)

71.265 0/90/180/270 71.265 0/60/120/180/240/300

Polar coordinates of the points that
define the first (i.e., outer)

intersection of the lobes (r1)
61.455 45/135/225/315 48.459 30/90/150/210/270/330

Maximum width of the lobes (w) 37.121

3.591/86.409
93.591/176.409
183.591/266.409
273.591/356.409

49.165

29.505/30.495
89.505/90.495

149.505/150.495
209.505/210.495
269.505/270.495
229.505/230.495

Polar coordinates of the points that
define the second (i.e., middle)

intersection (r2)
34.442 0/90/180/270 2.205 30/90/150/210/270/330

Polar coordinates of the points that
define the third (i.e., inner)

intersection (r3)
1.550 0/90/180/270 - -

Polar coordinates of the circle
inscribed in the scan pattern (∆) 1.069 0/90/180/270 1.069 30/90/150/210/270/330

* Angular coordinates of the point of intersection of the scan pattern with the defined circle.

7. Experiments

As in our previous works [40,41,45,46], a simple experimental setup was utilized in
order to validate the results of the simulations of scanning with a pair of Risley prisms
(Figure 20a). All utilized components were commercially available [48], with a pair of
Risley prisms; each prism is rotated separately, with a minimum available step of 2′. The
HeNe laser produces a beam that passes through the system and produces a scan pattern
on a screen (not shown in the figure).

The desired ratio M, Equation (2), has been simulated by producing incremental
angular movements ∆ϕ1 and ∆ϕ2 of the two prisms, respectively (where Prism 1 is, as in
the simulations, the one close to the laser). In this way, one obtains M = ∆ϕ2/∆ϕ1. The
parameters of the system are e = 25 mm and L = 1 m (i.e., the distances between the two
prisms and from the Prism 2 to the screen, respectively—Figure 2), while the prisms are
characterized by D = 2◦.

Four examples of experimental validations are presented in Figure 20, for |M| = 2
and |M| = 6. The simulated scan patterns (drawn in blue for M > 0 and in red for M < 0)
were compared to the experimental patterns (drawn in black) in all the four cases. In order
to distinguish the two types of patterns, they were considered with a certain rotational
shift with regard to one another. A good agreement was concluded between simulations
and experiments, like our previous works [40,41], where other values of M have been
considered. This validation is obtained from the relative errors ε between the simulated (R)
and the experimental radius (Re) of the FOV of the pattern (Table 3). In the entire analysis,
the experimental radiuses Re were measured for each of the µ loops (Figure 20).

There are certain limitations of this experimental study that cause differences such
as those in Table 3 between simulated and experimental patterns: errors in aligning the
setup components, in adjusting the e and L distances, as well as in the difference from the
refractive index of the prism considered in simulations and the real one, for the utilized light
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wavelength. Development of more accurate experimental setups is one of the directions of
work in our group.

Figure 20. Scan patterns of a pair of rotational Risley prisms—experimental study: (a) setup built
with Thorlabs components—utilized in [40,41], as well. Superposed (but slightly rotated regarding
each other), simulated (in blue for (1) M > 0 and in red for (2) M < 0)) versus experimental scan
patterns (in black), determined for (b) |M| = 2 and (c) |M| = 6.

Table 3. Simulated (R) versus experimental (Re radius of the FOV of the scan patterns—as determined
in the investigation presented in Figure 20.

Ratio of the Rotational Velocities,
Equation (2) M = 2 M = −2 M = 6 M = −6

Mean value of the FOV radius:

Re = 1
µ

µ

∑
j=1

Re 70.846 72.692 72.125 72.544

Standard deviation of the FOV radius:

σ =

√
1
µ

µ

∑
j=1

(
Re − Re

)2 0.001 0.387 0.536 0.858

Relative error: ε% =
(

Re − Re)·100/R −0.588 2.003 1.206 1.794

8. Conclusions

The study determined the symmetries of scan patterns produced by a pair of rotational
Risley prisms, which is the most common type of laser scanners with such refractive
elements. We utilized the graphical method previously introduced [40] and developed [41].
Based on the performed simulations, a multi-parameter analysis was performed. We
concluded that Marshall’s ratio M of the rotational velocities of the two prisms is the
parameter that determines the symmetries of the patterns.

Other parameters such as prisms angles (as well as their ratio), indexes of refraction,
and dimensions of the scanner, impact the dimensions of the patterns. While this latter
aspect was approached in detail in our previous study [41], the present work only revealed
dimensional features of the scan patterns that are related to symmetry. However, from
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the analysis regarding to (especially integer values of) M, rules-of-thumb were extracted
regarding the number of symmetry axes and the geometrical characteristics of patterns. A
novel notion, of structures of symmetry was introduced and defined in a convenient way
to allow for generating the full pattern by obtaining only a part of it and then replicating
this part using symmetry. In addition to all the scan patterns presented in Figures 4–11 (as
well as Figures 14–16), an example regarding generating the entire pattern using a structure
of symmetry is presented for M = 5 in the Supplementary Material, Video S1.

Specific cases were illustrated, as well as other ranges of scanner parameters,
such as fractional values of M, to provide the community with a comprehensive study
on the subject. Applications of scanners may benefit from this graphical method
approach to pattern symmetry, which simplifies the analysis and design of Risley
prisms scanners—previously performed by using approximate or complex analytic
methods. Future works in our group envision such applications, especially related
to biomedical imaging and non-destructive testing. However, the potential of Risley
prisms scanning for fields such as laser manufacturing, optical metrology, or Remote
Sensing is still to be fully exploited, and these are other avenues of research.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/sym15020336/s1. Video S1: Generating the entire scan pattern of
a pair of rotational Risley prisms for M = 5 by using a single loop and then replicating it by rotating it
for three times with a successive π/2 angle.
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