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Abstract. A time-of-flight measurement-based three-dimensional (3D) profiler system employ-
ing a lightweight scanning system is demonstrated. To reduce the weight of the scanning system,
and thereby achieve faster scanning speeds, two Fresnel prism sheets were employed as the
scanning optics and installed to work as a pair of Risley prisms. Each Fresnel prism sheet has
a diameter of 102 mm and mass of 15 g, which is about 12 times lighter than ordinary bulky
prism. By scanning the laser beam with the developed scanning system, a 3D point cloud image
of a target object located 8 m away could be successfully obtained. The image distortion was
removable by correcting six geometrical parameters of the scanner using a simple optimization
algorithm. It was confirmed by the experiment that once the distortion has been corrected, it is
valid for other scanning speeds (and trajectories), enabling 3D profile measurements that do not
require postprocessing of measured data. Measurement results for a standard target composed of
square extrusions were in good agreement with the reference values, with deviations of <1 mm.
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1 Introduction

With the emergence of the fourth industrial revolution (Industry 4.0), one of the essential tech-
nologies is measuring instruments that can be used to gather three-dimensional (3D) information
about distant objects. Optical 3D measurement systems based on active noncontact methods can
be used in a wide variety of application areas because they are capable of fast, easy, and geom-
etry-free measurements, and allow a tremendous number of data points compared with other
contact methods.1–3 Depending on the application field and measurement specifications, an opti-
cal 3D profiler requires a suitable working principle and design considerations appropriate for
the measurement purposes.

Structured-light 3D scanning (also known as fringe projection profilometry)4–6 is one of the
popular 3D measurement techniques currently used in industrial applications. It can be used to
measure the surface profiles of an object with high accuracy in the submillimeter range.
However, the measurement distance is usually limited to a few meters because the light irradi-
ation intensity is spread over fringe projection patterns, resulting in a low signal-to-noise ratio
(SNR) of fringe detection.7 In addition, the light signal scattered from distant objects can be very
weak when received with an imaging aperture of limited size.

On-site measurement using a mobile 3D profiler system is desirable for medium-to-long
distance ranges,8 as the objects of interest to be measured are often too large to be carried into
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a laboratory.1 In this case, to achieve return signals with a sufficient level of SNR, it would be
preferable, rather than relying on single-shot approaches, such as a flash light detection and
ranging (LiDAR),9 to combine a high-peak-power pulse light source and an optical beam scan-
ning mechanism. Provided that the angular scanning of the light beam is fast and accurate,
one can take advantage of time-of-flight (ToF) measurements using the high-SNR pulsed light
backscattered from a distant object surface, point by point, which would then cover distances
from medium (over 2 m) to long (up to 100 m) range. When implementing a mobile measuring
system, compactness and light weight are relevant design factors to be considered.

This approach of point-scanning ToF measurement puts some specific demands on a light
beam scanner, including a high frame rate, efficient signal collection, and large field-of-view
(FOV). When using a beam scanner involving mechanical motion, light weight and mechanically
robust moving components are crucial to measurement speed and achievable accuracy.10–12

Many recent efforts have explored plate-type or inertia-free scanning components, such as
polarization gratings, Fresnel lenses, planar phase-shifting surfaces, and so on.11,13–19 Each has
demonstrated its own benefits in terms of device weight, scanning speed, beam steering range,
beam aperture size, and so on. They provide potential advantages by reducing the size and
weight of the beam steering mechanisms. However, while these devices have the sophisticated
design and control necessary to carry out the desired beam steering,11,13 they suffer from
complicated setup geometries, which are needed to accommodate the optical paths of both the
transmission and return beams.16 Further investigations are still on going to address the technical
challenges of measurement capability and flexibility, such as steering angle range, scanning
trajectory, density of scanning points, etc.18,19

Recently, a beam steering mechanism that is simple in working principle with robust
mechanical motion, the “Risley prism (RP)” configuration, came to our attention. An RP,20–22

consisting of a set of two identical wedge prisms whose individual orientations can be arbitrarily
set. RPs are well known as a versatile two-dimensional (2D) angular beam positioner. The
rotational motions of its components greatly reduce the mechanical burden required for fast
oscillatory motions of a galvanometer scan system.23 It is also straightforward to configure the
scanning trajectory and speed of the 2D beam steering of an RP system using a few control
parameters, such as the rotation velocities and initial angular phases of the two prism compo-
nents, given their wedge angles.21 However, when attempts have been made to increase the scan-
ning speed of an RP system, the render rotations of the bulky wedge prisms become vulnerable to
mechanical “wobbling” due to the weight imbalance of the prisms. This is even more trouble-
some for an RP scanner with greater wedge angles and/or a larger aperture size.13,24

Here, we suggest using thin, lightweight Fresnel prism sheets instead of bulky wedge prisms,
to resolve these inherent difficulties, which impose critical restrictions on the implementation of
a fast RP scanner-assisted ToF ranging, with large FOV, and efficient signal collection. The idea
of introducing Fresnel optics to reduce the weight of a large-aperture light scanner dates back to
the early 1970s and their use in space optics.23 A similar approach has been widespread in the
field of laser endoscopy, where utmost scanning speed is pursued with miniaturized RPs only a
few millimeters in size.24

In this paper, a suitable implementation of a Fresnel-type RP scanner is revisited, specifically
for the development of a fast laser-scanning 3D surface profiler based on medium-to-long range
ToF measurements. It has the advantages of excellent weight balance as well as large aperture
size, which is readily available with commercial Fresnel prism sheets. Operating a Fresnel-type
RP scanner with a sufficient level of dimensional accuracy requires not only good mechanical
agility and robustness but also precisely aligned assembly and the components. Each separate
prism sheet sits properly on a hollow-shaft motorized stage and needs to rotate coaxially,
coinciding with the optical axis of a Fresnel-type RP system, which is preferably determined
by the direction of an incident laser beam. The actual beam steering achieved by the RP system
cannot be evaluated exactly using a simple geometrical model,20 which can cause erroneous
prediction of the beam deflection angles, which might, in turn, lead to appreciable distortion
in the measured 3D profiles. A proper method is required to characterize the scanner alignment
errors and correct the misleading dimensional information contained in the 3D scanned data.

We began with a theoretical formulation to model the geometrical optics involved with
a Fresnel-type RP system, taking into account the system parameters relevant to both the
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Fresnel prism sheet itself (such as the prism wedge angle, thickness, and refractive index) and
additional concerns with its initial operating conditions (the rotation angles of the RP compo-
nents) as well as with the mechanical assembly (the gap between the prism sheets and orienta-
tional misalignments of the rotation axis of individual prisms). Once built, we then utilized
our formulation to experimentally determine the key parameters of a Fresnel-type RP system,
which can then readily serve as its accurate beam scanning model.

In the experiment, we developed a 3D surface profiler based on pulsed-laser ToF sensing that
combines a Fresnel-type RP scanner with an aperture diameter of 80 mm. The laser beam was
fast scanned transversely over an object surface, and the backscattered signals were collected and
descanned using the same scanner concomitantly. Using a standard target consisting of several
square extrusions of 10-mm step height, we acquired 3D point cloud data and applied our
Fresnel-type RP scanning model to accomplish the best fit between the experimental result and
the ideal dimensional features of the standard target.

We describe numerical details about how to determine the actual scanner parameters and
show the consequence of this scanner correction, which affects the transverse coordinates of
the scanning 3D ToF measurements. We demonstrate the feasibility of our idea, which improved
dimensional accuracy of the reconstructed 3D profiles successfully.

2 Principle of Laser-Scanning ToF Measurement Using a Fresnel-Type
Risley Prism Scanner

A 3D profile measurement systems using scanning mechanisms usually consists of a light
source, a transmitter part including a scanning system, and a receiver part containing a detector
system. Figure 1 shows a schematic diagram of a typical scanning-type 3D profile measurement
system. A pulsed laser beam is scanned over the object surface, and the 3D coordinates of each
object point are obtained using the ToF distance and the beam steering angle, which are mea-
sured simultaneously. The ToF distance rToF refers to the distance between the scanner and
the target point excluding the offset distance between the photodiodes and the scanner. In
Fig. 1, the 3D coordinates of object point Psample are represented by a transverse component d⊥,

which can be expressed as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
and a z component Lz.

Fig. 1 Schematics of a scanning-type 3D profile measurement system. rTOF: distance between
the scanner and the target point; c: speed of light;ΔtToF: time of flight; d⊥: transverse component of
object point Psample; Lz : z component of object point Psample.
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In the proposed measurement system, a Fresnel-type RP that consists of two Fresnel wedge
prisms is used as the scanner optics. Thus, the beam steering angle becomes a function of the
parameters of the two rotating prisms, which include refractive indices, wedge opening angles,
and rotating angles.

2.1 Ray Tracing of an Optical Beam Steered by a Risley Prism Scanner

Figure 2 shows a schematic diagram of an RP scanner consisting of two wedge prisms. The real
Risley scanner used in this work is composed of two Fresnel prism sheets; but for better visu-
alization of the parameters used in the calculations, two bulky wedge prisms are shown instead
here. The origin of the coordinate system, O, is located on the fourth surface [4 in Fig. 2(a)] of
the RP. The second and third surfaces [2 and 3 in Fig. 2(a)] are parallel to each other and
perpendicular to the z axis.

The unit normal vector of each prism surface is denoted as ŝi ði ¼ 1;2; 3;4Þ. If the polar angle
of each surface normal vector in the spherical coordinate system is denoted as θiði ¼ 1;2; 3;4Þ,
the wedge opening angle of each prism is determined as θw1 ¼ θ1 − θ2 and θw2 ¼ θ4 − θ3.

When the rotation angles around the z axis of the first and second prisms are ϕ1 and ϕ2,
respectively, the unit normal vectors of the four surfaces of an RP can be expressed in
Eq. (1) as

Fig. 2 (a) Schematic diagram of an RP scanner composed of two rotating wedge prisms. î : direc-
tion vector of incident beam; ŝ1, ŝ2, ŝ3, ŝ4: surface normal vectors; θw1, θw2: wedge opening angles
of the two prisms; ϕ1, ϕ2: rotation angles of two prisms around the z axis; ô4: direction vector of the
deflected output beam; O: origin of the coordinate system; and O 0: point through which the beam
exits the RP. (b) Zoomed-in view of the last surface of RP and the sample plane. α and β are the
angles between the z axis and projections of the direction vector ô4 onto the xz plane and yz
plane, respectively.
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EQ-TARGET;temp:intralink-;e001;116;735

ŝ1 ¼ ðsin θ1 cos ϕ1; sin θ1 sin ϕ1; cos θ1Þ;
ŝ2 ¼ ðsin θ2 cos ϕ1; sin θ2 sin ϕ1; cos θ2Þ;
ŝ3 ¼ ðsin θ3 cos ϕ2; sin θ3 sin ϕ2; cos θ3Þ;
ŝ4 ¼ ðsin θ4 cos ϕ2; sin θ4 sin ϕ2; cos θ4Þ: (1)

The rotation angles ϕiði ¼ 1;2Þ can be expressed in terms of the initial angle, ϕ0;i, and the
rotated angle, ϕr;i, as ϕi ¼ ϕ0;i þ ϕr;i. If the i’th prism’s angular frequency of rotation is ωi, the
rotation angle at time t can be expressed in Eq. (2) as

EQ-TARGET;temp:intralink-;e002;116;623ϕi ¼ ϕ0;i þ ϕr;i ¼ ϕ0;i þ ωit: (2)

To minimize the initial deflection angle of the output beam before rotation, the two prisms
were set upside down to each other as shown in Fig. 2(a).

When a laser beam traveling in the negative z axis direction is incident on an RP, the direction
vector, ôi (i ¼ 1; : : : ; 4), of the refracted beam at the i’th surface of the RP, can be derived using
the vector form of Snell’s law in Eq. (3) as20

EQ-TARGET;temp:intralink-;e003;116;530

ô1 ¼
1

n1
½î − ðî · ŝ1Þŝ1� − ŝ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

n21
þ 1

n21
ðî · ŝ1Þ2

s
;

ô2 ¼ n1½ô1 − ðô1 · ŝ2Þŝ2� − ŝ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n21 þ n21ðô1 · ŝ2Þ2

q
;

ô3 ¼
1

n2
½ô2 − ðô2 · ŝ3Þŝ3� − ŝ3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

n22
þ 1

n22
ðô2 · ŝ3Þ2

s
;

ô4 ¼ n2½ô3 − ðô3 · ŝ4Þŝ4� − ŝ4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n22 þ n22ðô3 · ŝ4Þ2

q
; (3)

where n1 and n2 are the refractive indices of the first and second prisms, respectively, and

î ¼ ð0;0;−1Þ is the direction vector of the incident beam. The vector components of ôi
(i ¼ 1, 2, 3, 4) will be expressed as ðoix; oiy; oizÞ ¼ ðoix; oiy;−o�izÞ based on the coordinate
convention used in this paper.

Due to refraction, the incident beam with the direction vector ð0;0;−1Þ does not pass
through the origin O, but through a point O 0, whose 3D coordinates are ðxdev; ydev; 0Þ (see
Fig. 2).25

As mentioned in Sec. 2, the ToF distance, rTOF, is measured with reference to O 0, and thus
the 3D coordinates of the object point under measurement are determined in Eq. (4) as

EQ-TARGET;temp:intralink-;e004;116;280

x ¼ xdev þ xTOF;

y ¼ ydev þ yTOF;

z ¼ zTOF; (4)

where xTOF, yTOF, and zTOF are the x, y, and z coordinates of rTOF, respectively, when the origin
is set as O 0.

As already described in Sec. 2, the ToF distance, rTOF, between the fourth surface of the RP
and the target point under measurement is obtained by measuring the time difference ΔtTOF in
Eq. (5) as

EQ-TARGET;temp:intralink-;e005;116;153

rTOF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2TOF þ y2TOF þ z2TOF

q
;

¼ cΔtTOF
2

; (5)

where c is the speed of light in air.
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If we combine the information of rTOF and the direction vector of the output beam, the 3D
coordinates of the target point can be obtained as

EQ-TARGET;temp:intralink-;e006;116;711

xTOF ¼ jzTOFj tan α;

yTOF ¼ jzTOFj tan β;

zTOF ¼ −
rTOFffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ tan2 αþ tan2 β
p ; (6)

where α and β are the angles between the z axis and projections of the direction vector ô4 onto the
xz plane and yz plane, respectively [see Fig. 2(b)].

By expressing α and β in terms of the direction vector components using the relations:
EQ-TARGET;temp:intralink-;e007;116;598

tan α ¼ o4x∕o�4z;

tan β ¼ o4y∕o�4z; (7)

Equation (6) can be rewritten as
EQ-TARGET;temp:intralink-;e008;116;536

xTOF ¼ jzTOFj
o4x
o�4z

;

yTOF ¼ jzTOFj
o4y
o�4z

;

zTOF ¼ −
rTOFffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
o4x
o�
4z

�
2 þ

�
o4y
o�
4z

�
2

r : (8)

On the other hand, ðxdev; ydevÞ, the x and y coordinates of the point O 0 can be obtained with
Snell’s law as Eq. (9), using the thickness of each prism sheet and the distance between the two
prisms

EQ-TARGET;temp:intralink-;e009;116;391

xdev ¼ D1

o1x
o�1z

þDgap

o2x
o�2z

þD2

o3x
o�3z

;

ydev ¼ D1

o1y
o�1z

þDgap

o2y
o�2z

þD2

o3y
o�3z

; (9)

where D1, Dgap, and D2 are the distances between surfaces 1–2, 2–3, and 3–4, respectively, and
oix and oiy are the x and y components of ôi ði ¼ 1;2; 3;4Þ (see Fig. 3).

Finally, the 3D coordinates of an object point scanned by an RP scanner are measured as
EQ-TARGET;temp:intralink-;e010;116;284

x ¼ jzTOFj
o4x
o�4z

þD1

o1x
o�1z

þDgap

o2x
o�2z

þD2

o3x
o�3z

;

y ¼ jzTOFj
o4y
o�4z

þD1

o1y
o�1z

þDgap

o2y
o�2z

þD2

o3y
o�3z

;

z ¼ −
rTOFffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
o4x
o�
4z

�
2 þ

�
o4y
o�
4z

�
2

r : (10)

2.2 Modeling Errors in Beam Direction Vectors Caused by Misalignment of
the Scanner Prisms

Equation (10) shows how the 3D coordinates of the beam on the object could be measured using
the information of the ToF distance and the direction vector of the output beam. This equation,
however, is valid only when the scanning optics are perfectly aligned. In real measurements,
perfect alignment is impossible and this will cause image distortion in the measured 3D profile,
which needs to be corrected. There have been a number of studies to correct the distortion of
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images obtained using an RP scanner.25,26 In this study, two correction factors that have major
effects on the image distortion were considered. The two correction factors are the angular
alignment error of the prism sheets and the initial angle difference, ϕ0, between the two Fresnel
prism sheets.

To mathematically manage the alignment errors of the prism sheets around the x and y axes,
the rotation matrices shown in Eq. (11) were applied to Eq. (1) as shown in Eq. (12)

EQ-TARGET;temp:intralink-;e011;116;364

Rx1 ¼

0
B@

1 0 0

0 cos δx1 − sin δx1

0 sin δx1 cos δx1

1
CA; Rx2 ¼

0
B@

1 0 0

0 cos δx2 − sin δx2

0 sin δx2 cos δx2

1
CA;

Ry1 ¼

0
B@

cos δy1 0 sin δy1

0 1 0

− sin δy1 0 cos δy1

1
CA; Ry2 ¼

0
B@

cos δy2 0 sin δy2

0 1 0

− sin δy2 0 cos δy2

1
CA; (11)

and

EQ-TARGET;temp:intralink-;e012;116;241

ê1 ¼ Ry1Rx1ŝ1;

ê2 ¼ Ry1Rx1ŝ2;

ê3 ¼ Ry2Rx2ŝ3;

ê4 ¼ Ry2Rx2ŝ4: (12)

In Eq. (11), δxi and δyi (i ¼ 1, 2) denote the pitch angle around the x axis and the yaw angle
around the y axis of the i’th Fresnel prism sheet, respectively. Equation (12) shows the surface
normal vectors of the two prism sheets when the prisms are slightly rotated around the x and y
axes, due to misalignments.

Considering the alignment error of the Fresnel prism sheets, the beam direction vectors at the
prism surfaces can be expressed as

Fig. 3 Ray tracing of a beam propagating through the Fresnel prism sheets. D1, Dgap, and D2 are
the distances between surfaces 1–2, 2–3, and 3–4, respectively, ôi (i ¼ 1, 2, 3, 4) denotes the
direction vector of the refracted beam at each interface. For simple visualization, the beam is
assumed to be refracted in the yz plane.
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EQ-TARGET;temp:intralink-;e013;116;735

ô1 ¼
1

n1
½î − ðî · ê1Þê1� − ê1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

n21
þ 1

n21
ðî · ê1Þ2

s
;

ô2 ¼ n1½ô1 − ðô1 · ê2Þê2� − ê2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n21 þ n21ðô1 · ê2Þ2

q
;

ô3 ¼
1

n2
½ô2 − ðô2 · ê3Þê3� − ê3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

n22
þ 1

n22
ðô2 · ê3Þ2

s
;

ô4 ¼ n2½ô3 − ðô3 · ê4Þê4� − ê4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n22 þ n22ðô3 · ê4Þ2

q
: (13)

The direction vector obtained using Eq. (13) should be used in Eq. (10).
The initial rotation angles of the two prism sheets, ϕ1;0 and ϕ2;0, are also important factors

when determining the scanned beam positions. As the rotated angle of each Fresnel prism sheet
is obtained from the readout of a rotary encoder, each Fresnel prism sheet, when the nominal
values of ϕ1;0 and ϕ2;0 are both zero, should be precisely aligned so that its groove direction is
exactly parallel to the y axis when the rotary encoder readout is zero. However, this is practically
impossible, and angular alignment error may exist. Thus, the corrected initial angles of the two
Fresnel prism sheets shown in Eq. (14) should be used to calculate the beam direction vectors:

EQ-TARGET;temp:intralink-;e014;116;513ϕi;ini ¼ ϕi;0 þ ϕi;cor ði ¼ 1;2Þ; (14)

where ϕi;ini, ϕi;0, and ϕi;cor are the corrected initial angle, the nominal initial angle, and the
correction angle of the i’th prism sheet, respectively.

The pitch angle around the x axis, the yaw angle around the y axis, and the correction for the
initial rotation angle error of a Fresnel prism sheet, i.e., δ1x, δ1y, δ2x, δ2y, ϕ1;cor, and ϕ2;cor, can be
determined through an optimization process, which can be summarized as follows.

To optimize the six parameters mentioned above, a standard specimen having several
extruded squares (to be described in more detail in Sec. 4.2) was measured with the proposed
3D profile measurement system, and the x and y coordinates of the points on the boundary of
the rectangles were found. If we denote the x and y coordinates of the j’th point on the i’th line
segment to be xij and yij, respectively, these points are fitted to a straight line defined by
aixþ biyþ ci ¼ 0 (i ¼ 1; : : : ; n). Then, χ2i , the sum of squares of the vertical distances between
the i’th fitted line and the corresponding data points (xij, yij) are calculated over all line seg-
ments. The cost function of the optimization, χ2, is the sum of χ2i over all line segments, as shown
in Eq. (15)

EQ-TARGET;temp:intralink-;e015;116;309χ2 ¼
Xn
i¼1

χ2i ¼
Xn
i¼1

Xmi

j¼1

ðaixij þ biyij þ ciÞ2
a2i þ b2i

; (15)

where n is the number of line segments used for the optimization, and mi is the number of data
points on the i’th line segment. The values of the aforementioned six parameters are tuned until
the minimum value cost function is obtained. Actual application results of the optimization are
given in Sec. 4.

3 Setup of the Laser-Scanning ToF-Based 3D Profile Measurement
System Using a Fresnel-Type Risley Prism Scanner

To verify the performance of the Fresnel prism sheets as lightweight scanning optics, Fresnel
prism sheets were employed as scanning optics in the RP scanner.

Figure 4 shows a schematic diagram of the experimental setup of the 3D profile measurement
system including the Fresnel-type RP scanner. A pulsed laser at a wavelength of 532 nm, with a
repetition rate of 50 kHz and pulse width of 3 ns, was used as the light source. The average power
was measured right after the intensity control component. The average power of the laser beam
was controlled in the range between 25 and 40 mW. Beam diameter size was around 5 mm at the
target plane. The distance to the target was located at around 8 m. A fast speed photodiode with a
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2-GHz bandwidth was used to detect the trigger pulse, and the return pulse from the target was
collected by a parabolic mirror and focused to a fast speed avalanche photodiode with 1-GHz
bandwidth. To control the rotation angles of the Fresnel prism sheets, two hollow-shaft torque
motors equipped with a rotary encoder were used. The maximum rotation speed of the torque
motors was 1000 revolutions per minute, and the positioning uncertainty of the rotary encoder
was about 5.0″. The signal resolution of the rotary encoder was 72,000 counts per revolution.
The diameter of the hollow hole was 80 mm, which becomes the aperture of the scanning optics.

When the trigger signal is detected by the trigger photodiode, the synchronized measurement
system starts to measure the ToF signal. The distance to a target object is obtained from the ToF
measurement of the pulsed laser, where the detection of the pulsed signal is performed using full-
waveform-digitization.27 The waveforms of the laser pulses were digitized with a sampling rate
of 2.5 GHz using a 10-bit digitizer having a bandwidth of 1.5 GHz. The full waveform of the
short pulse signal was measured, and the ToF between the trigger pulse and the return pulse was
obtained after signal processing utilizing a Savitzky–Golay filter.28 To find the peak positions of
each pulse, the center-of-gravity (COG) method was applied to the data points in the waveform
where the signal amplitude was above a threshold-level.

The RP scanning system consisted of two commercially available Fresnel prism sheets
(Knight Optical Ltd., Part No. PFA12133) cut into the size of the rotation motor mount.
Figure 4(c) shows a photograph of the Fresnel prism sheet made of polymethyl methacrylate
(PMMA). It has a saw-tooth-like structure, with a 0.15-mm facet width and a prism opening
angle of 24 deg, which gives a beam deflection angle of 12 deg. The thickness of each
Fresnel prism sheet was 2 mm, and its mass was 15 g. The diameter of the cut Fresnel prism
sheet was 102 mm, to give a clear aperture of 80 mm. A Fresnel prism sheet weighs only 1/12th
that of an ordinary glass prism having the same wedge opening angle and aperture size.

4 3D Profile Measurement Employing the Fresnel-Type Risley Prism
Scanner

4.1 3D Point Cloud Generated by the 3D Profile Measurement System

A preliminary measurement was performed using a simple target, as shown in Fig. 5(a). The
target was composed of four tissue boxes, a foam board, and a bigger box, supported by a tripod.
For indoor measurements, the scanning range has to be properly configured so that the scanning
beam would not reach the ceiling or the floor of the laboratory. Among several scanning

Fig. 4 (a) Schematic diagram of the 3D profile measurement system with the Fresnel-type RP
scanner. (b) Photograph of the Fresnel-type RP scanning system. (c) Photograph of a mounted
Fresnel prism sheet.
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trajectories that can be produced by the RP scanner, a spiral trajectory was employed that can be
controlled to start scanning at the center of the scanning trajectory and spread out from the start-
ing point as the scanning proceeds. A proper scanning range was selected, taking into account
the spatial condition of the laboratory.

The rotation speeds of the two motors were 200.00 revolutions per minute and 200.10 rev-
olutions per minute, respectively. By selecting the wedge angle of the Fresnel prism sheets, the
maximum scanning range of the RP scanner was designed to be�24 deg, but a full range meas-
urement was not required for the target under measurement.

Figure 5(b) shows the 3D point cloud data of the measurement target placed 8 m from the
measurement system, when the range of scanned angle was about �4.7 deg for both horizontal
and vertical directions, to cover the target, which was slightly bigger than 1 m. There are some
parts where distance data were not obtained. These correspond to the darkest areas of the target
where absorption of light is high, and the return signal becomes very weak. We employed a
commercial component using Fresnel prism sheets. To minimize the power loss of the meas-
urement system, it would be necessary to design a Fresnel prism sheet as a blazed grating.
Figures 5(c) and 5(d) show the 3D point cloud data of the target inside the red rectangle shown
in Fig. 5(a). The zTOF (z coordinate of rTOF) of each point of the target measured can be delin-
eated in 3D as shown in Fig. 5(d). The standard deviation of repeatedly measured distance
obtained at a fixed target point without scanning was <4 mm.

At the edges of the measurement objects shown in the 3D point cloud image [Fig. 5(d)], some
points appear with erroneous distance information; this can be found by comparing Figs. 5(a)
and 5(d). These erroneous points originate from the limited sampling rate of the digitizer and the
low intensity of return signals from the target edges. The digitizer’s maximum sampling rate of
2.5 GHz allows a minimum temporal sampling of 0.4 ns, corresponding to a resolution of 6 cm in
ToF distance. In the waveform of weak signals returning from the edges, because of its low signal
amplitude, the number of data points above the threshold-level decreases. The small number of
data points leads to a peak position error in the COG calculation, resulting in a ToF distance
measurement error. This is the performance limitation of the measurement system at the moment.

Fig. 5 Measurement target and its measured data. (a) Measurement target located 8 m from the
measurement system. (b) A 3D point cloud image of the measurement target. Distance values are
indicated by the color bar in meter unit. (c) A 3D point cloud image of the measurement targets in
the red rectangle in (a). (d) Elevated view of (c).
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This edge measurement error may be overcome by employing a digitizer with higher sampling
rate and by upgrading the signal processing algorithm.

In the measured 3D point cloud image, image distortion was especially found in the center
part of the image, as shown in Fig. 5(c). Before performing a beam direction vector correction for
the RP scanner, the experimental trajectory obtained from encoder output angle was checked.

Figure 6(a) shows the simulated data of a spiral scanning trajectory of ideal RPs, and Fig. 6(b)
shows the calculated scanning trajectory measured from the rotary encoder angle of two hollow-
shaft motors rotating at a speed of 200 revolutions per minute and 200.10 revolutions per minute,
respectively.

The experimental scanning trajectory obtained by calculation using the measured angle data
of the rotating motors differed from the theoretical trajectory, as shown in Fig. 6(b). This differ-
ence was more noticeable when the angular spacing between adjacent curves in the spiral tra-
jectory was smaller, as shown in Figs. 7(a) and 7(c), where the two motors were rotating at the
speed of 300 revolutions per minute and 300.01 revolutions per minute, respectively. The angu-
lar spacings are 0.80 and 0.04 mrad in Figs. 6(a) and 7(a), respectively.

For the theoretical trajectory, the difference in the rotation angles of the two scanning optics
changes linearly in time [see Fig. 7(b)], but periodic fluctuations are observed in the experimen-
tal data, as shown in Fig. 7(d).

To confirm this effect, a periodic fluctuating component was added to the angle difference of
the rotating scanning optics, and the theoretical scanning trajectory was calculated again. In the
calculation, the angle difference fluctuation was modeled using a cosine function as shown in
Eq. (16)

EQ-TARGET;temp:intralink-;e016;116;284ΔϕðtÞ ¼ Δϕ0 þ Δϕr þ A cosðΩftþ φfÞ; (16)

where ΔϕðtÞ is the rotation angle difference at time t, Δϕ0 is the initial angle difference (at time
t ¼ 0), ΔϕrðtÞ is the relative angle difference at time t, A is the fluctuation amplitude, Ωf is the
frequency of fluctuation, and φf is the initial phase of the fluctuation.

When the scanning trajectory was calculated using the angle difference given in Eq. (16),
a cleft shape was produced in the center of the theoretical scanning trajectory, as shown in
Fig. 7(e). The major cause of the fluctuation in angle difference seems to be the eccentric error
of the encoder scale or the first-order component of encoder scale error. This difference between
the experimental and the theoretical trajectories of the scanning path itself does not add a
measurement error to the 3D profile since the experimental scanning trajectory is the “actual”
measurement trajectory. When one requires scanning trajectories to be implemented exactly as
designed, such distorted trajectories in the actual experiment could be analyzed to inversely
calculate the rotation angle of each scanning optic that can compensate for the distortion.22

Since the difference in scanning trajectory does not add distortion to the 3D point cloud
image, the x and y coordinates obtained from the beam direction vector calculation of the
RP scanner would be the major cause of 3D image distortion.

Fig. 6 Spiral scanning trajectories generated from: (a) theoretical simulation and (b) measured
angle of the rotary encoder.
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4.2 Experimental Correction of the Fresnel-Type Risley Prism Scanner
Parameters

For evaluating the geometrical distortion of measured 3D images and correcting the scanner
system parameters by the method outlined in Sec. 2.2, a standard target was designed and fab-
ricated, referring to the target design introduced in Ref. 29. As shown in Fig. 8, the standard
target has several square extrusion structures that can serve as a dimensional reference, utilizing
their edge straightness, squareness of adjoining lines, and square width in both horizontal and
vertical directions. There are square extrusion structures of two sizes with the same step height of
10 mm. The width of the large squares is 200 mm, whereas that of the small squares is 100 mm,
with dimensional tolerances smaller than 0.07 mm over the entire specimen in all directions.

By applying the correction method to the measured 3D point cloud data, the actual values for
the six geometrical parameters, ϕ1;corr, ϕ2;corr, δx1, δy1, δx2, and δy2, can be determined exper-
imentally. The impact of distortion correction for the point cloud image on the dimensional
accuracy of our 3D measurements can be evaluated by the comparison of geometrical aspects
and dimensions measured with the reference values provided by the standard target.

Fig. 7 Spiral scanning trajectory of the RP scanner system. (a) Theoretical calculation.
(b) Theoretical rotation angle difference between two scanning optics. (c) Experimental scanning
trajectory obtained from the measured rotation angles of the two scanning optics rotating at 300.00
revolutions per minute and 300.01 revolutions per minute, respectively. (d) Experimental rotation
angle difference of the scanning trajectory shown in (c). (e) Theoretical trajectory obtained from
rotation angle difference, including the modeled fluctuation component. (f) Theoretical difference
in the rotation angle of the scanning trajectory shown in (e).
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Figure 9 shows the 3D point cloud image of a portion of the standard target shown in Fig. 8.
The rotation speeds of the two motors were set very closely, at 300.00 and 300.01 revolutions per
minute so that the density of the point cloud of the image could be increased.21 Compared with
the photo of the standard target, its measured 3D point cloud image shows considerable distor-
tion of the square features, as shown in Fig. 9(a).

The values for the six geometric parameters were searched using the optimization process
described in Sec. 2.2. The values for the initial angle errors of the prisms, and the four tilt angles
of the prism surfaces, were found to be ϕ1;corr ¼ −0.34 deg, ϕ2;corr ¼ 0.23 deg, δx1 ¼ 0.34 deg,
δy1 ¼ −0.45 deg, δx2 ¼ −0.1 deg, and δy2 ¼ −0.04 deg, respectively.

By applying the optimized scanner system parameters found, the 3D image distortion was
effectively corrected, as shown in Fig. 9(b). To evaluate the improvement in the dimensional
accuracy of 3D reconstructed profiles, a more quantitative analysis on the width and step height
of the square structures was performed. Before performing the dimensional analysis for the
standard target, we numerically eliminated the inclination of the target surface through a
least-squares 3D plane fitting to the point cloud data corresponding to the base plane around

Fig. 8 The standard target. (a) Design layout of square extrusion structures (unit: cm).
(b) Photograph of the standard target developed.

Fig. 9 Point cloud ToF data measured for the standard target (a) without any postprocessing and
(b) after correction of the beam direction vectors of the scanner system, followed by a removal of
sample plane inclination. Interpolated 3D profiles to have regular xy grids on the transverse plane
(c) without and (d) with the scanner system correction, obtained from (a) and (b), respectively. In
the graphics, z coordinate values (in the unit of mm) of ToF distance measurements are mapped in
false colors, referring to the color bar on the right of each plot.
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the extruded squares. Inclination angles of the base plane were evaluated to be 0.7 deg to the
x axis and 0.3 deg to the y axis, and removal of the inclination made the normal vector of the base
plane parallel to the optical axis of our scanner system. Thus, as can be seen in Fig. 9(b), the zTOF
(z coordinate of rTOF) values of 3D point cloud data of the base plane are nominally equal. We
then, for convenience in handling the data, interpolated such 3D point cloud data, each point
indicated as (xTOF, yTOF, zTOF), into a 3D reconstructed profile zProfile as function of 2D regular
grid points (xRG, yRG) with a grid spacing of 0.1 mm for both for the x and y directions.
Dimensional analysis for the 3D reconstructed profiles shown in Figs. 9(c) and 9(d) was carried
out systematically for the two square targets with different sizes of 100 and 200 mm.

Figure 10 shows an illustration of how cross-sectional profiles were obtained from a 3D
reconstructed profile cropped from the measured data given in Fig. 9, e.g., in the region con-
taining the small (100 mm) square feature in Fig. 9(d). Applying a Gaussian filter with a radius of
2 mm, we obtained a smoothed 3D reconstructed profile within the region of interest to mitigate
the difficulty involved with excessive spike noise in the following cross-sectional analysis. As
displayed in the inset at the top (on the right) of Fig. 10, a cross-sectional profile across the
square in the xðyÞ direction has its step edges on both sides, located at Xedge1 (Yedge1) and
Xedge2 (Yedge2), respectively. The edge positions of a cross-sectional profile were determined
from the locations at which the profile’s height value coincides with the precharacterized thresh-
old value. Evaluating along the horizontal (vertical) line specified by y ¼ yS (x ¼ xS), where the
subscript S stands for scanning position, the separation between the two edges Xedge2 − Xedge1

(Yedge2 − Yedge1) in a cross-sectional profile was taken as the widthDX (DY) of the square. On the
other hand, the step height was evaluated by averaging the height of the central part of the profile
covering about 70% of the square width.

Detection of the edge positions was repeatedly performed while sweeping the profile under
analysis in a direction perpendicular to the profile along the width of the square. For example,
the Xedge1 and Xedge2 positions were obtained by sweeping the profile under analysis in the y
direction [as depicted by the white arrow marked x profile scan in Fig. 10]. The obtained edge
positions of the 100-mm square are plotted in Figs. 11(a), 11(b), 11(d), and 11(e).

Fig. 10 Computational illustration of the 3D reconstructed profile cropped for cross-sectional pro-
file analysis of the 100-mm square shown in Fig. 9(d). Top and right insets show the cross-
sectional profiles across the square, taken in the x and y directions, respectively. To perform
a cross-sectional analysis over the whole square, a cross-sectioning line is swept along its
perpendicular direction as indicated by white arrows.
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To avoid interference from neighboring square structures, the edge position analysis was
performed on the inner part of the square, excluding 10 mm from all edges. Figures 11(c) and
11(f) show the measured horizontal and vertical widths of the 100-mm square, respectively.

The red dotted lines in Figs. 11(b), 11(d), and 11(e) have positive slope, which means that the
edge positions Xedge2, Yedge1, and Yedge2 increase as the cross-sectioning position increases. This
can be visually confirmed in Fig. 9(c). By applying the beam direction vector correction, these
slopes were effectively eliminated, as can be seen by the blue bold lines in Figs. 11(b), 11(d),
and 11(e).

The evaluated square widths and step heights for two squares are summarized in Table 1.
After the correction of the beam direction vector, the square width values matched well with the
reference values of the standard target, confirming the effect of the correction method and good
performance of our system. On the other hand, the step height values did not show notable
change after the correction because the vertical distance to the object is rather insensitive to
a tiny change in the beam direction vector, as can be figured out from Eq. (10).

The good agreement between the measured step heights and the reference values, showing
differences <1 mm, indicates the suitable performance of the ToF measurement system.

Fig. 11 Results of dimensional analysis performed on the 100-mm square. Geometrical features
in the horizontal direction for the position of (a) left edges and (b) right edges, and (c) the resulting
horizontal widths, evaluated on the cross-sectioning line swept inside the square along the y direc-
tion. Geometrical features in the vertical direction for the position of (d) bottom edges and (e) top
edges, and (f) the resulting vertical widths, evaluated on the cross-sectioning line swept inside the
square along the x direction.

Table 1 Comparison of measured widths and step heights of the square patterns shown in
Fig. 9(d), obtained before and after correction. Average values and standard deviations are
shown.

Nominal width of
square (mm)

Direction of
measurement

Measured width (mm) Measured step height (mm)

Without
correction

With
correction

Without
correction

With
correction

100 Horizontal 103.1 ± 0.7 100.2 ± 0.3 10.3 ± 0.3 10.3 ± 0.3

Vertical 103.3 ± 0.9 99.79 ± 0.3 10.3 ± 0.4 10.3 ± 0.4

200 Horizontal 210.7 ± 2.6 199.6 ± 0.6 9.85 ± 0.3 9.91 ± 0.3

Vertical 209.9 ± 2.2 197.8 ± 0.5 9.87 ± 0.3 9.93 ± 0.3
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Among the measured horizontal and vertical widths of the two squares, vertical width of the
200-mm square showed largest deviation from the reference value (see Table 1), but it is
expected that this can be improved by further enhancing the correction algorithm. Since making
an exact correction was not the focus of this paper, measurement system parameters such as
magnification and intrinsic prism errors such as the structural error of the prism geometry and
the refractive index error of the prism material were not included in the current correction
method. These additional correction parameters can be included in the correction algorithm
in future work to improve the measurement results.

Since the six parameters used in the correction algorithm are all related to the geometric
configuration of the scanning system, it is expected that once the values for these parameters
are found through the optimization process, they will remain valid for other measurements with
different scanning conditions.

To verify this, a 3D profile measurement was performed with different scanning condition.
Figure 12 was obtained with the two motors rotating at speeds of 800.00 and 800.05 revolutions
per minute, respectively. In spite of the different scanning condition, the distortion was success-
fully removed using the same correction algorithm based on the values of aforementioned six
error parameters. This means that if once the error parameters are evaluated, they apply to any
other measurements regardless of the scanning condition. This allows our measurement system
to realize a real-time measurement without any postprocessing process. Although the test con-
dition was limited by the maximum rotational speed (800 revolutions per minute) of the motor
used, it is expected that our correction method would also apply when motors with higher rota-
tional speeds are used.

In case of the 3D measurement shown in Fig. 12, the line spacing of the scanning trajectory
was 0.7 mm, because the ratio of rotational speeds of the two motors (800.00∕800.05 ¼
0.999 94) was very close to 1, and it took about 34 s for the full scanning. A faster measurement
could be implemented by either increasing the average speed of the motors (by employing
faster motors in our case) or increasing the line spacing of the scanning trajectory by decreasing
the ratio of the motor speeds.

Fig. 12 Demonstration of scanning ToF measurements with high-speed operation of our Fresnel
RP scanner (with the two prism sheets rotating at 800.00 and 800.05 revolutions per minute,
respectively). Point cloud ToF images of the standard target (a) without and (b) with the scanner
system correction, plotted after applying a tip–tilt removal of the sample plane inclination. (c) and
(d) are the 3D surface profiles reconstructed from the point cloud data in (a) and (b), respectively.
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The data acquisition rate also influences the measurement time and data density of the
image. Figure 12 was obtained with a low data acquisition rate of 700 Hz, where the maximum
spacing between data points along the scanning trajectory was 36 mm. Whereas the maximum
data acquisition rate is 10 kHz in the present measurement system, it could be increased up to
the laser repetition rate of 50 kHz if a high-performance acquisition system is used. For the
measurement area shown in Fig. 12, if motors rotating with a speed of 5000 revolutions
per minute are used with 10-kHz data acquisition rate, the maximum spacing between
data points along the scanning trajectory would be 17 mm, which is similar to the case
shown in Fig. 9. Therefore, using such a high-speed motor system, the area shown in
Fig. 12 could be measured in 6 s, with the comparable image quality of Fig. 9. In addition,
if the speed ratio of the two motors is set to 0.999 63, the line spacing of the scanning trajectory
would be 4 mm (at a distance of 8 m), and the frame rate of one image per second could be
achieved.

5 Conclusion

In conclusion, this study verified that the 3D profile of distant objects could be measured using
a scanning system consisting of two Fresnel prism sheets that are substantially lightweight
compared to conventional bulky prisms. Having a large wedge angle of 24 deg and a large
aperture of 80 mm, Fresnel prism sheets allow high-speed rotation without wobbling that is
usually experienced with bulky prisms resulting from weight imbalance. Distance measure-
ment and 3D structural reconstruction performance were evaluated, confirming the validity
of our system as a 3D profiler system. The proposed measurement system showed suitable
performance, measuring a 3D structure located at a distance of 8 m. The measured values of
square width and step height were in good agreement with reference values, with deviations
of <1 mm.

The correction method for beam direction vector was clearly effective in correcting the dis-
tortion of the 3D image and can be further enhanced in future work to obtain more accurate
results for 3D structural reconstruction with additional correction parameters. It was confirmed
by the experiment that once the error factors have been evaluated for a given scanning condition,
they can be applied to other conditions as well. Thus, after analyzing the measured data once
using a simple optimization process, a real-time measurement of a 3D profile is possible without
any post-processing of the measured data.

The frame rate in the present measurement was not high due to the dense scanning trajectory
and the limited maximum rotation speed of the motor. Using Fresnel prism sheets rather than
bulky prisms, rotational inertia was remarkably reduced, and the weight of the scanning optics
was no longer a limiting factor of rotation speed. By employing a motor system with a faster
rotation speed while controlling the line spacing of the scanning trajectory, the frame rate can be
improved up to one image per second. Decreasing the weight of the scanning optics allows both
faster rotation speed and higher frame rate. If the motor system allows higher rotation speed, a
higher frame rate can be achieved by controlling the rotation speed of the motors, line spacing of
the trajectory, and the spacing between data points along the scanning trajectory, considering the
system parameters such as the probing beam size, target size, measurement distance, and so on,
to achieve the desired image quality.

Using the Fresnel prism sheet as a lightweight scanning optics, the geometrical and mechani-
cal limitations could be alleviated considerably, which is advantageous for mobile 3D scanning
systems with a more compact design and faster scanning speed. We expect the Fresnel RP scan-
ner configuration, presented in this study, to promise substantial benefits in developing a fast-
scanning 3D profilometer with a wide FOV that works for measurement distances from medium
(over 2 m) to long (up to 100 m) range.
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