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Abstract

In this paper, a high-precision sensor for angle measurement with angle amplification
based on the double-layer regular prisms structure was designed. The angle amplification
was achieved by multiple reflections of the measurement laser between the inner and outer
double-layer regular prism structure. The trajectory of the measurement laser within the
double-layer regular prism structure was investigated, and a corresponding mathematical
model was developed. A position-sensitive detector (PSD) measures displacement vari-
ations in the measurement laser and ultimately enables angle measurement by applying
the displacement-to-angle conversion relationship derived from analysis of the reflection
trajectory model. The sensor prototype achieved a measurement precision of +0.5". Addi-
tionally, the feasibility of the alternative measurement method using multiple measurement
units was experimentally verified, while its measurement accuracy remained comparable to
that of a single unit. The 360° angle measurement through proper arrangement of multiple
PSDs can be achieved as well, and its feasibility has been discussed.

Keywords: angle measurement; PSD; double-layer regular prism; multiple reflection;
alternate measurement

1. Introduction

Precision angle measurement constitutes a critical enabler of modern technological
advancement, with extensive applications spanning aerospace, mechanical manufacturing,
defense industries, and scientific research [1]. Against the backdrop of continual scientific
and technological progress, metrological requirements for measurement equipment accu-
racy escalate relentlessly [2]. This demand extends to advanced material characterization
techniques in scientific research, where precise angular positioning is often crucial for
analyzing crystal structures and properties [3]. Conventional angle measurement method-
ologies fail to satisfy the demands of contemporary industrial development. Illustrative
cases include spacecraft attitude control systems necessitating ultra-high-precision angular
sensing to ensure orbital positioning accuracy, and high-performance computer numerical
control (CNC) machine tools requiring precise angular metrology to enhance manufactur-
ing precision [4]. Unlike displacement sensing, angular information typically resists direct
acquisition by sensors, compelling many high-precision angular measurement techniques
to rely on sophisticated displacement quantification methods [5-9]. Consequently, develop-
ing novel angle measurement technologies that deliver enhanced accuracy, stability, and
operational efficiency carries substantial practical significance.
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Angle measurement technologies are conventionally categorized into mechanical, elec-
trical, and optical methodologies [4]. Mechanical and the majority of electrical methods are
contact-based approaches, which can achieve relatively high accuracy, and are technologi-
cally simple and mature. However, their applications are often limited, resulting in scarce
research in recent years [10-12]. Among these, optical approaches have garnered significant
research attention in recent years due to their exceptional measurement accuracy, robust
interference immunity, and dynamic measurement capabilities. The versatility of optical
methods also supports their use in diverse spectroscopic applications, including mineral
characterization, where precise angle control underpins the acquisition of meaningful
data [4]. Notable innovations in this domain include a 360° non-contact angle sensor lever-
aging eddy-current effects, which utilizes a grooved aluminum tube and piecewise linear
algorithms to achieve 0.08° resolution with 0.25% non-linearity [13,14]; a two-dimensional
angle sensor employing a diffractive optical element (DOE) dot array that mitigates ran-
dom errors and periodic nonlinearity through multi-peak detection, attaining stability
below 0.0003” [15]; and an improved three-center variable-eccentricity model addressing
accuracy degradation in high-precision optical angular sensors caused by installation mis-
alignment. This model uniquely identifies shifted sinusoidal phase-difference variations
between opposing read-head signals during rotation, with experimental validation con-
firming <0.1 um deviation between mechanical measurements and model predictions [16].
Further advancements encompass an integrated autocollimator-optical polygon framework
for systematic error analysis and compensation [15], a phase-shifting Twyman—Green in-
terferometer demonstrating 0.02” standard uncertainty in polygon metrology [17], and
a vertical angle calibration system combining precision rotation stages with miniature
diffractive autocollimators to achieve 0.01” resolution at 0.19” expanded uncertainty [18].
Applied developments feature fiber Bragg grating (FBG) sensors for orthotic strain/angle
monitoring (6.15 pe, 0.30° precision during gait) [19], and a medical fiber-optic tilt sensor
with 50% volumetric reduction via plastic packaging (+20° range) [20].

This paper presents an angular sensor architecture leveraging laser multiple reflections
for angle amplification, enabling the creation of a high-precision angular measurement
system. Within this configuration, the measurement laser undergoes five reflections be-
tween non-parallel mirrors to amplify angular displacement, ultimately impinging on
the PSD active area. The target angle is derived from recorded displacement relation-
ships, with the displacement-to-angle conversion methodology explicitly formulated and
analyzed. Experimental validation confirms system feasibility, demonstrating angular
measurement uncertainty within +5”. Furthermore, range expansion is achieved through
multi-unit deployment.

2. Principle of Angle Measurement

The schematic diagram of the angle amplification of laser multiple reflections at an
angle in the reflection cavity composed of the inner and outer regular prism reflection
structure is shown in Figure 1.

First, using the yz-plane as the principal section, when the incidence angle is fixed at
45° and the inner and outer reflectors are parallel, the length of the reflector surfaces can
be designed to ensure that the measurement laser beam undergoes exactly five reflections
before accurately reaching the photosensitive plane of the PSD, as shown in Figure 1a.
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Figure 1. Angle amplification principle of a laser with multiple reflections. (a) The laser has an

incident angle of 45°, and the inner and outer regular prism reflectors are parallel. (b) The laser

is normally incident on the inner regular prism reflector, and the inner and outer regular prism

reflectors are parallel. (c) The laser is normally incident on the inner regular prism reflector, and the

inner regular prism reflector is deflected by 6.

When the xy-plane is used as the principal section, the measurement laser beam always

enters the system at normal incidence. When the inner and outer reflectors are parallel,

the reflected beam emerges at 0°, landing at one end of the PSD’s effective detection area,

as shown in Figure 1b. As the inner reflector rotates by an angle of 0, the reflected beam

no longer exits at the same angle. Instead, after undergoing five reflections, it reaches the

PSD target plane. The angle ©® between the emergent direction of the probe laser and the

vertical exit direction depends on the rotation angle 6 of the inner reflector and the number

of reflections k that the probe laser has in the inner reflector, expressed as

O = 2k0

1)

where the total number of reflections is fixed at five, with three of these reflections occurring

on the inner reflector (i.e., k is fixed at 3). This structure thus achieves a sixfold angular am-

plification of the original minute rotation angle 6. The rotation angle 8 can then be precisely

measured by detecting the position where the probe laser strikes the PSD target plane.

The schematic diagram illustrating the principle of converting displacement to angle

is shown in Figure 2. The distance between the rotation axis and the inner reflector is

set as r, and the distance to the PSD detection plane is R. When the inner and outer

reflectors are parallel, the measurement laser spot falls at one end (reference point) of the

effective area on the PSD, as shown in Figure 2a. When there is an angle 6 between the

inner and outer reflectors, the distance between the laser spot position on the PSD and

the parallel-case endpoint position is Ad. For small deflection angles 6, the relationship

« = 66 holds, as shown in Figure 2b. Therefore, the desired angle 6 can be calculated using

the following formula:

Ad
0~ x arctan(f>

6 6

2

As the angle to be measured increases, the error introduced by the approximation

gradually becomes non-negligible. Therefore, the size of each inner reflector in the sen-

sor system can be reduced. As the angle increases, the inner reflector that is in use is

dynamically switched to ensure the systematic error remains within an acceptable level.
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Figure 2. Schematic diagram of the angle measurement principle, with the red arrow indicating the
trajectory of the measurement Laser, (a) when the inner and outer reflectors are parallel; (b) when the
inner reflector is rotated by a small angle 6.

3. Experimental and Results
3.1. Hardware Implementation of the Sensor System

The mechanical configuration of the sensor is depicted in Figure 3. When the inner
and outer mirrors are parallel, the distance between them is 1.5 cm. To enable synchronous
rotation of the inner regular prism with the angle-adjustment turntable, a dedicated chassis
integrates both components. For rigid coupling between the XR20-W unit and the inner reg-
ular prism, a custom-fabricated cover matching the prism dimensions is implemented. This
cover interfaces with the XR20-W mounting base via four positioning rods. Concurrently,
the outer regular prism is secured by four support rods, featuring a machined groove to
accommodate the laser generator.
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Figure 3. (a) Schematic diagram and (b) physical diagram of the sensor mechanical structure.

The physical prototype of the complete sensor system is presented in Figure 4. The
system primarily adopts the dual-reflector structure detailed in the Section 2, amplifying
the target angle through multiple reflections. The laser (model FU655AD5-GD1670, pro-
duced by Dongguan Yiquan Electronic Technology Co., Ltd., Dongguan, China.), with
a wavelength of 650 nm, a spot size of ~2 mm, and a rated power of 5 mW) is rigidly
coupled to the stationary housing; meanwhile, the inner prism is affixed to the rotational
platform. The PSD is externally mounted to the sensor assembly. Its photosensitive surface
measures 0.1 x 1.2 cm?, but only an area of approximately 0.1 x 0.3 cm? is utilized due
to significant measurement inaccuracies observed near both edges. After undergoing five
reflections within the optical path, the measurement laser beam impinges on the effective
photosensitive area of the PSD. Positional data is subsequently acquired and converted to
determine the target angle.
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Figure 4. Physical diagram of the sensor system.

To validate the measurement principle and accuracy of the sensor prototype, compar-
ative experiments were conducted against the Renishaw XR20-W angular measurement
module (+1” accuracy). Experimental datasets from multiple trials were processed to
quantify measurement deviations. Ten experimental replicates were performed, with
measured angles and corresponding errors depicted in Figures 5a and 5b, respectively.
Comparative analysis demonstrates close agreement between the developed sensor and
XR20-W (Renishaw plc, London, UK) laser interferometer measurements, exhibiting mutual
discrepancies within +0.85”. Considering the intrinsic +1” uncertainty of the XR20-W
reference system, both instruments demonstrate comparable measurement precision.
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Figure 5. (a) The measurement data of the laser interferometer and sensor system; (b) the error data
between the laser interferometer and sensor system.

To more accurately evaluate the measurement precision of the developed sensor, the
distance R between the rotation axis center and the PSD was increased 6 x to enhance theo-
retical accuracy, serving as a reference experiment for the baseline sensor configuration. The
data from ten replicates and the scatter plot of their errors are shown in Figures 6a and 6b,
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respectively. This extended detector distance theoretically enables measurement precision
of £0.17". However, this improvement entails a proportional increase in both the physical
dimensions of the sensor and the alignment complexity.
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Figure 6. (a) Measurement datasets from the 6x extended optical-lever sensor baseline; (b) corre-
sponding error distributions.

3.2. Expanding the Measurement Range with Coordinated Sensor Units

To extend the sensor’s measurement range, a multi-units alternating measurement
strategy was implemented for continuous angular monitoring. This approach achieves
uninterrupted measurement through coordinated spatial distribution of discrete sensing
units. When one unit approaches its blind zone, adjacent units enter effective measurement
ranges, ensuring >2 units remain operational at transition boundaries to enable seamless
probe alternation. With the laser interferometer as the calibration reference, the measure-
ment data and corresponding error distributions are shown in Figure 7, denoted by blue
and red scatter points, respectively.
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Figure 7. (a—j) Measurement datasets and corresponding error distributions of the dual-unit alternat-
ing measurement strategy.
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Figure 7 demonstrates close agreement between measurement datasets from both
sensing units within the overlap region. During transition phases of probe alterna-
tion, the system maintains measurement uncertainty within 1" across the overlapping
measurement zones.

4. Discussion

The angular amplification measurement principle of the double-layer regular prism
structure designed in this paper enables large-range 360° measurement. By fully utilizing
the angular bisection principle of the regular prism, the 360° range is divided into smaller
angular segments. Taking a 72-facet regular prism as an example, each prism facet corre-
sponds to 5°. After the prism rotates by 5°, the relative position between the measurement
unit and the prism resets to its initial state. Therefore, deploying multiple measurement
units enables continuous, alternate measurement of 5° segments, achieving seamless 360°
angular measurement. For instance, assuming each measurement unit has a measurement
range of 0.5°: After the first measurement unit completes its 0.5° measurement, the second
measurement unit enters its initial measurement position. Upon completion by the second
unit, the third measurement unit assumes its initial position, and so forth. After the last
measurement unit finishes its measurement range, the reciprocal positions of the prism
and all measurement units reset to the initial state, facilitating the measurement of the
next 5° segment. Existing experimental data confirm that the alternate detection by the
measurement units has a minimal impact on measurement accuracy. Consequently, based
on specific application scenarios or operating conditions, this configuration can be utilized
to construct high-precision, large-range 360° angular measurement equipment.

5. Conclusions

This research establishes the measurement principle for an angle sensor utilizing an
inner—outer double-layer regular prism structure, where multiple reflections of the mea-
surement laser achieve significant angular amplification. Displacement of the resultant
laser spot is quantified using a position-sensitive detector (PSD). To extend the measure-
ment range, an alternate measurement strategy with multiple measurement units was
implemented. It is noteworthy that the sequential replacement design of our system fun-
damentally avoids the risk of the measurement beam exceeding the boundaries of the
PSD’s active area, which is a significant advantage over conventional fixed-sensor configu-
rations. Experimental validation via a prototype sensor confirmed the correctness of the
prism-based angle amplification principle and the feasibility of the multi-unit alternation
approach, achieving a measurement accuracy of +0.5" while successfully expanding the
range through dual-unit operation. By leveraging the angular bisection property of the
regular prism for 360° segmentation and strategically positioning multiple measurement
units to enable sequential range coverage, continuous full-circle measurement becomes
theoretically achievable.

The proposed method features a structurally simple design, with potential for fur-
ther accuracy enhancement through increased laser reflections, demonstrating significant
promise for high-precision angular metrology applications. Based on the achieved mea-
surement precision of £0.5” and the compact, multi-unit alternate measurement structure,
this sensor demonstrates significant potential for application in fields requiring ultra-high-
precision angular positioning. Its capabilities are particularly suited for satellite attitude
control systems, high-end CNC machine tool calibration, precision optical platform level-
ing, and other ultra-high-precision applications in aerospace, advanced manufacturing, and
scientific instrumentation. The robust design, which enables seamless 360° measurement,
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further supports its use in continuous rotation platforms and closed-loop control systems
where both wide range and exceptional accuracy are critical.
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