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technology as an example where in-process diagnosis plays a significant role, a real-time 3D optical sensing

system can be extremely valuable if incorporated into the envelope of an additive printing machine to

acquire the layer-by-layer surface topographies of the printed constructs [7, 8]. Achieving this, however,

poses significant challenges for current 3D optical sensing techniques, given the combined requirements of

high speeds and high accuracies for the measured 3D surface topographies.

Recent major advancements in computing power and graphics have drastically boosted the development

of 3D optical sensing technologies [9, 10]. Capabilities (e.g., real-time measurements) that were barely

even thought possible a few years ago are now being introduced into the field of 3D optical sensing. The 3D

optical sensing approaches can be broadly divided into three major categories: interferometry, time-of-flight,

and triangulation [11]. Interferometry [12, 13, 14] is by far the most accurate type of 3D optical metrology

technique, which can achieve an accuracy as high as nanometers. However, interferometry typically has

a limited range of measurements (e.g., at micrometer scale) and thus is typically used as a post-process

inspection technology. Time-of-flight [15, 16, 17, 18] is a technique that emulates the echolocation of

certain types of animals (e.g., a bat), where the depth or distance information is typically obtained by

calculating the round-trip traveling time of emitted light source. This technology is generally well-suited for

measuring a large scene (e.g., with a room size) and has been used in commercial products such as Microsoft

Kinect V2 [19]. However, given the ultra-fast speed of light, it is difficult for the time-of-flight technology

to detect a depth difference smaller than one millimeter, which can be vital to recognize small features on a

surface. Triangulation-based approaches are the most suitable technology for measuring medium-scale

objects (e.g., a length scale from 1 cm to 1 m). The three most well-known triangulation-based technologies

include laser scanning [20, 21, 22, 23], stereo vision [24, 25] and structured light [26, 9, 10]. The laser

scanning method performs line-by-line scanning to obtain the surface topography of the scene, whose

performance can be reduced when trying to map a complicated surface containing fine-scale features. The

stereo 3D vision method obtains the 3D information through correspondence matching and triangulation,

yet the correspondence identification can be difficult when the imaged scene lacks rich features for

stereo matching. The structured light 3D vision overcomes these limitations by performing simultaneous

whole-area scanning with codified structured illumination. Specifically, the fringe projection method that

uses continuous sinusoidal codifications has achieved real-time (e.g., 30 Hz) 3D imaging with tens of µm

accuracy or higher [27, 28, 29]. Given its capability of characterizing small features with minimal time

delay induced by 3D imaging and reconstruction, the fringe projection technique can be regarded as the

most suitable technology for in-process monitoring and inspection for many manufacturing processes.

This paper will introduce the basics of high-speed 3D optical sensing and the perspectives of its related

research and applications in the manufacturing community. Specifically, a major focus will be put on the

high-speed fringe projection technique, given its capability of simultaneous high-speed and high-accuracy

measurements. The perspectives on how high-speed and high-accuracy fringe projection-based 3D optical

sensing could benefit the manufacturing research will also be introduced, including how one could use such

technology for both in-situ/in-process monitoring and post-process quality assurance. Specifically, in-situ

measurements of an additive manufacturing process (i.e., direct energy deposition) will be demonstrated as

an example of in-situ/in-process monitoring; and examples of precision geometric profiling, morphological

data analysis, and surface integrity characterizations will be demonstrated as practical cases for post-process

quality assurance.

Section 2 introduces the theoretical foundations of high-speed 3D optical sensing, including the

background and the basics of the fringe projection technique, the phase shifting technique as one of

the most widely used fringe analysis techniques, and some challenges in applying the fringe projection

technique for industrial practices. Section 3 introduces the related manufacturing research and applications,
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One of the most important challenges for adopting the fringe projection technique in industrial or

manufacturing applications is the difficulty in measuring metallic surfaces. This is because metallic

surfaces are shiny and highly reflective in nature, which tends to generate a strong glare in camera images.

Although there are many high-dynamic-range (HDR) methods developed to address this challenge [37, 38],

it is still quite difficult even for the most advanced HDR fringe projection method to approach the high

measurement accuracies that a conventional fringe projection method can achieve when measuring a white

matte surface finish. In addition, the existence of dynamic motions in some operating manufacturing

machines could make the situation even worse. Therefore, research opportunities are present in this

area, and potential solutions may be sought by incorporating advanced machine learning technologies for

accuracy enhancement in metallic surface measurements [39, 40].

Another important challenge is the measurement of large structures in manufacturing practices.

Currently, the field of view of a single 3D scan using fringe projection is only around 1m2, scaling up this

field of view will bring significant value in many manufacturing applications, such as the inspection of large

manufactured parts or the generation of a full virtual representation of a manufacturing facility for digital

twin modeling. Despite the advances in relevant technologies such as multi-view scanning and panoramic

3D point cloud stitching, it is still quite challenging to finish the whole scanning process and robustly create

full 3D representations of a large manufacturing structure (with several meters of length/width) within

minutes to hours even with the most advanced fringe projection technique. Given this, opportunities are

present to combine robotic technologies with fringe projection and computer vision technologies for rapid

3D scans and digital modeling such that a full virtual representation of a manufacturing structure can be

established automatically within a relatively short period.

3. Some related manufacturing research and applications

This section shows some representative manufacturing research and applications that were induced by

fringe projection-based high-speed 3D optical sensing.

3.1. In-situ/in-process monitoring

Given the capability of refreshing fringe pattern images at a rate of 120 Hz or more (equaling

a 3D acquisition rate of 40 Hz or more) with digital-light-processing projectors nowadays, the

fringe projection-based 3D optical sensing technology has a high potential for applications related to

in-situ/in-process monitoring of manufacturing processes. One of the most promising directions in this

regard is to perform in-process monitoring for additive manufacturing processes. As identified in the field

of additive manufacturing, one of the most important challenges is to perform real-time identification of

defects such that one can decide to either stop the printing process or conduct corrective actions accordingly.

Enabling this will pose a combined requirement of measurement speeds (i.e., close to real-time) and

accuracies (i.e., at the micrometer level), providing research opportunities for the optics community.

Researchers have already attempted to employ fringe projection for in-situ monitoring of additive

manufacturing processes such as laser powder bed fusion (LPBF) [41, 42, 43, 44] or direct energy deposition

(DED) [45]. An example of using fringe projection for in-situ/in-process monitoring of a DED process

by the author’s research group [45] is shown in Fig. 3. Figure 3(a) shows the photograph of the physical

3D optical sensing system that was incorporated inside the envelope of a DED machine. The goal of this

system setup is to monitor the surface topography printing results right after each surface layer is printed.

Specifically, for this laboratory-made 3D optical sensing system, a FLIR Grasshopper Monochrome camera

(Model: GS3-U3-23S6M-C) and a telecentric lens (Opto-engineering TC4MHR036-C with a magnification

of 0.487) is used as the image acquisition unit. A digital-light-processing projector (Wintech 4500) was used

as the pattern projection device. The camera and projector resolutions were 1280 × 960 and 912 × 1140,
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(a) (b)

Figure 4. An example 3D geometric measurement result of an industrial part using fringe projection. (a)

The captured fringe image of a hard disk; (b) the corresponding reconstructed 3D result using the fringe

image (a).

Figure 4(a) - 4(b) respectively show the captured camera fringe image with pattern projection and

the corresponding reconstructed 3D geometric profile of the measured sample, from which one can see

that the local fine-scale features (e.g., screws, flange, etc.) can be visualized on the reconstructed 3D

geometry, showing the great potential of the fringe projection technique for rapid dimensional metrology

and inspection for industrial parts.

3.2.2. Morphology data analysis

Once the geometric profiles are reconstructed through optical fringe analysis, some key dimensional

features can be extracted through subsequent feature extraction such that a set of quality evaluation metrics

can be established. An example of morphological data analysis application for a civil additive manufacturing

process is shown in Fig. 5. In this application, the same system setup and the set of 3D reconstruction

algorithms as used in the application in Section 3.2.1 was employed, except that only three-step phase

shifting was used here (N = 3 in Eq. 2) due to its sufficient accuracy for measurements of non-metal

surfaces.

Figure 5(a) shows the designed 3D solid model for clay additive printing, and Fig. 5(b) - (c) show

different views of the actual printed structure. Figure 5(d) - (f) shows the reconstructed 3D geometries of

three representative 3D printed samples prepared for quality evaluation. Specifically for this application, a

set of evaluation metrics, including the deviations in layer width, layer thickness, height, outer diameter,

cross-sectional area, and surface angle, were used for printing quality assessments, where the best printing

quality is supposed to have the least deviations on these dimensions. Figure 5(g) shows the contour plots of

the evaluation metrics for the three printed samples, from which one can see that the sample with the best

visual quality (sample 1) has the least actual overall deviations. This application example demonstrates

how one can use the 3D geometric data obtained from 3D optical sensing for morphological data analysis

and quality assessments of manufactured products.

3.2.3. Characterization of surface integrity

Apart from the extraction of dimensional information, another type of important property that can be

identified from 3D optical sensing is the surface integrity which contains important information regarding

the areal surface or textural roughness information. An example of different surface textures produced by

different DED printing parameters is shown in Fig. 6. Given that surface quality plays a significant role
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Figure 6. Examples of additive manufactured surfaces with different surface topographies. (a) - (h)

Photographs of the manufactured surfaces; (i) - (p) corresponding reconstructed surface topographies.

Table 1. Areal surface roughness parameters.

Notation Physical meaning Equation

Sa Arithmetical mean height 1
A

∫∫

A |z(x, y)|dxdy

Sq Room mean square height

√

1
A

∫∫

A |z2(x, y)|dxdy

Sp Maximum peak height |maxA z(x, y)|

Sv Maximum valley height |minA z(x, y)|

Sz Maximum height Sp + Sv

Ssk Skewness 1

S2
q

∫∫

A z3(x, y)dxdy

Sku Kurtosis 1

S4
q

∫∫

A z4(x, y)dxdy

both in-situ process monitoring and post-process quality assessments. The author hopes this paper will

introduce the potential applications of the fringe-projection-based high-speed 3D optical sensing technology

to the manufacturing community.
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