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We compare the performance of laser triangulation, phase shift triangulation and swept source 

optical coherence tomography (SSOCT) for quantitative nondestructive inspection. Measurement 

accuracies of these three optical 3D imaging techniques can be reduced to a few tens of 

micrometers or less, making it possible to locate and geometrically characterize defects at the 

micrometric scale. We consider surfaces with different optical properties and we discuss the 

ability of these techniques to reconstruct the surface profiles. For opaque surfaces, the three 

techniques provide very similar results. For semi-transparent and transparent surfaces, the 

accuracy achieved by SSOCT relies on the capability of detecting, selecting and classifying 

peaks in each axial scan (A-scan), while the performance of triangulation techniques depend on 

several parameters including the sensitivity and the exposition time of the camera, the 

positioning of the system in relation to the surface, etc. Based on these facts, a prospective 

discussion is attempted on the possibility to combine SSOCT and phase shift triangulation for 

quantitative surface inspection of objects as well as for internal geometrical characterization of 

semi-transparent and transparent objects. 

 

1. Introduction 

Well-established nondestructive evaluation (NDE) techniques such as ultrasounds and 

thermography use the sound propagation or the heat diffusion through the inspected object to 

reveal its internal defects. Their performance depends on how permeable is the inspected object 

to the propagating physical entity (sound, heat), and on the setup used. Most materials used in 

the manufacturing industry have optical properties that can be exploited for their contactless 

nondestructive evaluation using 3D imaging sensors. The ongoing rapid evolution in the fields of 

optics and electronics allows miniaturization and better integration of devices. As result, 

compact, robust and portable 3D sensors can be designed and prototyped rapidly [1]. In 

particular, multi-sensor measurement heads, putting together different but complementary 

technologies, can be contemplated with fewer constraints than some decades ago. 

 

In this paper, we compare the performance of three optical 3D imaging techniques for 

quantitative NDE. Two of these techniques, laser triangulation and phase shift triangulation, are 

based on active triangulation; the third, swept source optical coherence tomography (SSOCT), 

uses interferometry. Phase shift triangulation is a full-field 3D measurement technique, while 

laser triangulation and SSOCT usually require point by point (or line by line) scanning. 

Measurement accuracy of these techniques can be reduced to a few tens of micrometers or less, 

making it possible to locate and geometrically characterize defects at the micrometric scale. The 

basic principle of each technique is presented in the first part of this paper. In the second part of 

the paper, we consider surfaces with different optical properties and compare the three 

techniques for surface inspection. Lastly, we explore the possibility of combining phase shift 
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triangulation and SSOCT for the quantitative inspection of opaque surfaces as well as for the 

quantitative surface and internal inspection of semi-transparent and transparent objects. 

 

2. Measurement principle 

2.1. Laser triangulation 
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Figure 1. Laser triangulation. (a) Principle. (b) Geometric equivalent. (c) Signal on the detector. 

Figure 1a presents the basic principle of laser triangulation. A rotating mirror is used to scan the 

surface with a laser beam. The first lens focuses the collimated beam in the vicinity of point ܳ on 

the surface, while the second lens focuses the backscattered beam on the detector. Figure 1b 

shows the geometric equivalent of Figure 1a. The baseline of length ܤ forms an angle � with 

axis ሺܱݔሻ. These two parameters are the intrinsic parameters of the system and are determined 

by calibration. Angle � between the incident beam and axis ሺܱݖሻ is the deflection angle. The 

position of the laser spot is measured by distance  ݌ on the detector (Figure 1c). Through 

triangulation, the coordinates of point ܳ are evaluated using the deflection angle �, the laser spot 

location ݌, the focal length ݂ and the angle �: ݖ = ݌]݂ܤ + �ሺ݊�ݐ݂ + �ሻ][�ݏ݋� − ݔ (1)                          [�݊�ݐ�݊݅ݏ = ݖ− tan �                          (2) 

Uncertainties ∆݌ and ∆� depend on the detector and the scanning device used. Accuracy 

achieved on coordinate ݖ is proportional to the focal length of the lens, the length of the baseline, 

and the square of cosine of the deflection angle. It is inversely proportional to ݖଶ. Accuracy 

achieved on coordinate ݔ is inversely proportional to [2] ݖ. Practically there is a trade-off 

between the required accuracy (spot size as small as it can be), the measurement range (as large 

as possible), the size of the system (baseline) and the available hardware (laser source and 

detector). 

 

2.2. Phase shift triangulation 
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Figure 2. Phase shift triangulation. (a) Principle. (b) Geometric equivalent. 

In phase shift triangulation, fringe patterns are projected on the scene and the back reflected light 

is captured using a camera (Figure 2a). The light beam coming from a projector column �௣ 
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illuminates point ܳ which is imaged at pixel ሺ݈, �ሻ of the camera (Figure 2b). In order to 

triangulate point ܳ one must determine column �௣ from intensity ܫሺ݈, �ሻ measured at pixel ሺ݈, �ሻ. 

This can be done by encoding the projector column �௣ using ܰ patterns. These patterns are 

successively projected in the reconstruction volume and the camera measures the following 

intensities at pixel ሺ݈, �ሻ [3]: ܫ଴௖ሺ݈, �ሻ = ,ሺ݈ܣ �ሻ + ,ሺ݈ܤ �ሻ�ݏ݋[�ሺ݈, �ሻ − �଴]ܫଵ௖ሺ݈, �ሻ = ,ሺ݈ܣ �ሻ + ,ሺ݈ܤ �ሻ�ݏ݋[�ሺ݈, �ሻ − �ଵ]⋮ܫே−ଵ௖ ሺ݈, �ሻ = ,ሺ݈ܣ �ሻ + ,ሺ݈ܤ �ሻ�ݏ݋[�ሺ݈, �ሻ − �ே−ଵ], �௜ = ܰ݅ߨʹ , ݅ = Ͳ, ͳ, … , ܰ − ͳ.   (3) 

 is the amplitude and � is the phase offset. The phase �(�௣) is given ܤ ,is the amplitude offset ܣ

by: �(�௣) = ߨܶʹ �௣                                                                           (4) 

where ܶ is the spatial period of the projected patterns. Equation (3) can be rewritten as: ܫ଴௖ሺ݈, �ሻ = ,ሺ݈ܣ �ሻ + ,ଵሺ݈ܤ �ሻ�ݏ݋ሺ�଴ሻ + ,ଶሺ݈ܤ �ሻ݊݅ݏሺ�଴ሻܫଵ௖ሺ݈, �ሻ = ,ሺ݈ܣ �ሻ + ,ଵሺ݈ܤ �ሻ�ݏ݋ሺ�ଵሻ + ,ଶሺ݈ܤ �ሻ݊݅ݏሺ�ଵሻ⋮ܫே−ଵ௖ ሺ݈, �ሻ = ,ሺ݈ܣ �ሻ + ,ଵሺ݈ܤ �ሻ�ݏ݋ሺ�ே−ଵሻ + ,ଶሺ݈ܤ �ሻ݊݅ݏሺ�ே−ଵሻ                      (5) 

where ܤଵሺ݈, �ሻ = ,ሺ݈ܤ �ሻ�ݏ݋[�ሺ݈, �ሻ] and ܤଶሺ݈, �ሻ = ,ሺ݈ܤ �ሻ݊݅ݏ[�ሺ݈, �ሻ] are determined using the 

intensities ܫ௜௖ and the known phase offsets �௜. The retrieved phase is wrapped and is given by: �௪ሺ݈, �ሻ = arctan(ܤଶሺ݈, �ሻ, ,ଵሺ݈ܤ �ሻ).                                                    (6) �௣ is obtained after performing a phase unwrapping �௪ሺ݈, �ሻ → �௨௪ሺ݈, �ሻ ≡ �ሺ݈, �ሻ: �௣ = ߨʹܶ �௨௪ሺ݈, �ሻ                                                                      (7) 

Using Equation (7), the pinhole model of the camera with no geometric distorsions can be used 

to determine the 3D coordinates of point ܳ in the coordinate system of the camera [3]: [ݖݕݔ] = ௫ܶ − �௣′ ௭ܶ−�′ݎଵଵ − ଵଶݎ′݈ − ଵଷݎ + �௣′ ଷଵݎ′� + �௣′ ଷଶݎ′݈ + �௣′ ଷଷݎ [�′݈′ͳ ].                                 (8) 

In Equation (8), ݈′ and �′ are the normalized pixel coordinates of the camera and �௣′  is the 

normalized projector column. The rotation parameters ݎ௜௝, ݅, ݆ = ͳ,ʹ,͵ and the translation 

parameters ௫ܶ, ௬ܶ, ௭ܶ define the position of the projector with respect to the camera. In phase shift 

triangulation, the overall accuracy can be improved by reducing the noise level of the camera and 

the spatial period ܶ, while increasing the number of patterns ܰ and the amplitude ܤ as well as 

the calibration accuracy. 

 

2.3. Swept source optical coherence tomography 

The basic principle of SSOCT is presented in Figure 3a and relies on a swept laser source 

operating between wavenumbers ݇௠௜௡ = ௠௔௫ and ݇௠௔௫ߣ/ߨʹ =  ௠௜௡. The instantaneousߣ/ߨʹ

narrow-bandwidth laser beam described by the electric field �௟௔௦ is divided into two components. 

The first component (�௥௘௙௜௡ ) propagates from the splitter to the reference reflector and returns to 
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the splitter (�௥௘௙௢௨௧). The path length ʹݖ௥௘௙ for this round trip is constant. The second component (�௢௕௝௜௡ ) is directed onto the object of interest. This object is viewed as constituted by ܯ interfaces 

resulting from the variation of the refraction index through its volume. Each interface 

backscatters the beam �௢௕௝௢௨௧. The interference signal �ௗ௘௧ = �௥௘௙௢௨௧ + �௢௕௝௢௨௧ reaches the detector 

which delivers a current modulated by the path length difference between the reference path and 

the path used by light to reach each interface. A Fourier transform is used to find the position of 

each interface. 
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Figure 3. Principle of swept source OCT. 

Assuming that the beam splitter has a ͷͲ: ͷͲ ratio, �௟௔௦, �௥௘௙௢௨௧ and �௢௕௝௢௨௧ take the following forms 

[4]: �௟௔௦ = ሺ�ሻ݁−௝�௧, �௥௘௙௢௨௧ݏ = ����√ଶ ௝ଶ௞௭� and �௢௕௝௢௨௧݁�ݎ = ����√ଶ (∑ ௜݁௝ଶ௞௭��=ெ�=ଵݎ ) where � is the 

angular frequency, ݏሺ�ሻ is the spectral amplitude of the electric field, ݎ௥௘௙ is the reflectivity of 

the reference reflector and ݎ௜ is the reflectivity of the ݅௧ℎ interface situated at depth ݖ௜. ܴ =  ଶ is|ݎ|

the power reflectivity. Assuming that distances are measured in free space (dispersion is not 

considered) and eliminating the �-terms that vary faster than the response time of the detector, 

the detector current is: ܫௗ௘௧ሺ݇ሻ = Ͷߩ [ܵሺ݇ሻ ቆܴ� + ∑ ܴ௜௜=ெ௜=ଵ ቇ] + ߩʹ [ܵሺ݇ሻ ∑ √ܴ�ܴ௜௜=ெ௜=ଵ cos(ʹ݇ሺݖ� − +[(௜ሻݖ Ͷߩ [ܵሺ݇ሻ ∑ √ܴ௠ܴ௜௜=ெ௜=ଵ,௜≠௠ cos(ʹ݇ሺݖ௜ −  ௠ሻ)]. (9)ݖ

ܵ =  is the responsivity of the detector. The cross-correlation ߩ ଶ is the power spectrum and|ݏ|

term, i.e. the second term of Equation (9), is used to determine the path length difference 

between the reference reflector and each interface. To increase accuracy the reference reflector is 

chosen so that the autocorrelation term (third term of (9)) is small. The A-scan is the Fourier 

transform of interferogram (9). It is given by: ݅ௗ௘௧ሺݖሻ = ߩͅ [Υሺݖሻ ቆܴ� + ∑ ܴ௜௜=ெ௜=ଵ ቇ] + Ͷߩ [�ሺݖሻ ⊗ ∑ √ܴ�ܴ௜௜=ெ௜=ଵ ݖ)� ± ʹሺݖ� − +[(௜ሻݖ Ͷߩ [�ሺݖሻ ⊗ ∑ √ܴ௠ܴ௜௜=ெ௜=ଵ,௜≠௠ ݖ)� ± ʹሺݖ௜ −  [(௠ሻݖ

(10) 

where �ሺݖሻ is the inverse Fourier transform of ܵሺ݇ሻ, ⊗ is the convolution operator and � is the 

Dirac function. The main peaks of ݅ௗ௘௧ are located at ݖ = {Ͳ; ±ʹሺݖ� − ,{௜ሻݖ ݅ = ͳ, . . ,  .ܯ

In SSOCT depth resolution increases with the tuning range ߣ௠௔௫ −  ௠௜௡ [5]. For a sourceߣ

sampled into  ܰ spectral channels between ݇௠௜௡ = ௠௔௫ and ݇௠௔௫ߣ/ߨʹ =  :௠௜௡ with step size �݇, the axial step isߣ/ߨʹ
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ݖ� = ݇�ߨܰ = ௠௔௫ߣ௠௔௫ʹሺߣ௠௜௡ߣ −  ௠௜௡ሻ                                                      (11)ߣ

Based on the fact that the useful length of the discrete Fourier transform is generally ܰ/ʹ, the 

penetration depth (depth range) ݖ௠௔௫ is given by the following equation: ݖ௠௔௫ = ܰʹ ݖ� = ௠௔௫ߣ௠௔௫Ͷሺߣ௠௜௡ߣܰ −  ௠௜௡ሻ                                               (12)ߣ

 

3. Experimental results 

The specifications of the in-house NRC sensors are given in Table 1. We first compare the three 

techniques on opaque surfaces and then on semi-transparent and transparent objects. 

Table 1. Technical specifications of the in-house NRC sensors.  

(Reconstruction volume : Width × Height × Depth of field) 

Laser 

triangulation 

Wavelength: Ͳ.ͶͲͷ݉ߤ. Acquisition rate: ͸Ͳݖܪ. Spot size: ʹͲ݉ߤ.  

RMSE< ͹݉ߤ. Reconstruction volume: ͳͲͲ݉݉ × ͵Ͳ݉݉ × ͳͷ݉݉. 

Phase shift 

triangulation 

Image resolution: ͶͲͻ͸ × ͵Ͳ͹ʹ. RMSE< ͹݉ߤ. 

Reconstruction volume: ʹͷ݉݉ × ʹͲ݉݉ × ͵݉݉. 

Swept source 

optical coherence 

tomography 

Spot size: ͳͲͲߣ .݉ߤ௠௜௡ = ͳ.ͷ͵ߣ .݉ߤ௠௔௫ = ͳ.͸ͳ݉ߤ. RMSE< ͷ݉ߤ. 

Sample points: ʹͲͶͷ. Sweep rate: ͳͶʹ�ݖܪ. Reconstruction volume: ͳͲͲ݉݉ × ͳͲͲ݉݉ × ͳͶ݉݉. 

 

3.1. Case of opaque surfaces 

Surface Laser triangulation Phase shift triangulation SSOCT 

 

   

   

   

Figure 4. Opaque metallic surfaces (Rubert No 130). Top: surface profile. Middle: Profile along 

line A. Bottom: Profile along line B.  

In Figure 4, we present the results obtained with the Rubert No 130 [6] vertical milling metallic 

surfaces. A very good similarity is noticeable between results provided by the three techniques. 

The period of the first milling (line A) is around Ͳ.͹ͳ݉݉ and that of the second milling (line B) 

is around ͳ.ʹͷ݉݉. The peak to peak amplitude in both cases is around ͷͲ݉ߤ. These results 

show that for applications where surface inspection is required, these techniques can be used to 
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locate and characterize surface defects having geometrical signature at the micrometric scale. 

Nevertheless, these techniques have limitations. Triangulation techniques is inaccurate in the 

presence of inter-reflections and for surfaces whose reflectivity spans in a large interval of 

values. Likewise, the amount of data needed in SSOCT is significant; each 3D point is computed 

from an A-scan and each A-scan is stored on about  Ͷ�ܤ. The good news is that these intrinsic 

limitations can be alleviated either by revisiting the theory behind each technique or by 

combining them in a multi-sensors approach (see section 4). 

 

3.2. Case of semi-transparent and transparent objects 

Here we consider a semi-transparent marble object and a transparent plastic object. Figure 5 

shows the results obtained with the marble object which has a planar surface. Triangulation 

techniques show a very low accuracy, while performance of SSOCT appears ambiguous; this is 

due to the data processing approach used (see discussion below). Note that the result of phase 

shift triangulation is obtained using a HDR (high dynamic range) mode to improve the signal to 

noise ratio [7]. Note also that the curvature in the results of SSOCT is due to the operating mode 

of the galvo scanner and can be corrected by calibration. Laser triangulation has been considered 

previously for 3D reconstruction of marble objects [8] and the results obtained here confirm that 

the heterogonous structure of this material coupled to its optical properties (non-uniform 

reflectivity, subsurface scattering) produces a significant bias in the results (this bias is more than ʹͲͲ݉ߤ for the object used here). These remarks can be generalized to most semi-transparent 

objects. 

Object Laser triangulation Phase-shift triangulation SSOCT 

 

   

   

Figure 5. Semi-transparent marble object. Top: surface profile. Bottom: Profile along line A. 

Triangulation also works poorly with the transparent object; this is due to the low level of the 

back-reflected signal. SSOCT on the contrary reaches a very high accuracy. The results for the 

transparent plastic object are presented in Figure 6 (the results of phase shift triangulation has 

been obtained after covering the rear surface of the object with an opaque paint). 

A method is being developed to improve the performance of phase shift triangulation on semi-

transparent objects. We observed that a coarse change of the pattern period ܶ improves the level 

of the signal recorded by the camera although the results accuracy is still low (Figure 7a-c). In 

the proposed new approach to be presented in a future communication, we proceed with a fine 

change of the pattern period to improve accuracy.  
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Object Phase shift triangulation SSOCT 

 

paint

interfaces

 

  

  

Figure 6. Transparent plastic object. Top: rear surface profile. Bottom: Profile along line A. 

    

   
(a) (b) (c) 

Figure 7. Phase-shift triangulation for a semi-transparent marble object: influence of the pattern 

period. Top: surface profile. Bottom: Profile along line A. A coarse change of the pattern period ܶ improves the signal level. (a) ܶ = ͷ. (b) ܶ = ͺ. (c) ܶ = ͳͷ. 

Contrary to triangulation, the ambiguous accuracy achieved by SSOCT (Figure 5) is not related 

to its intrinsic principle but to the processing method used. Figure 8a shows the B-scan 

corresponding to line A in Figure 5, whereas Figure 9a shows the B-scan along line A in Figure 

6. From these B-scans we observe that the marble object has an internal structure made of 

several interfaces at irregular (almost random) positions (see the multiple peaks in Figure 8b 

which shows the A-scan at ݔ = ͺ݉݉). It is not the case for the transparent object where the 

front and the rear interfaces are clearly identifiable (see the two peaks in Figure 9b which shows 

the A-scan at ݔ = ͷ݉݉). 

A straightforward approach to classify peaks in A-scans can be based on two criteria. The first 

criterion assumes that the peak with the highest amplitude correspond to the first interface, the 

peak with the second highest amplitude corresponds to the second interface and so on. The line 

profile (line A in Figure 5) based on this criterion is presented in Figure 8c. Error at ݔ = ͺ݉݉ is 

due to the fact that the wrong peak (peak 2 in Figure 8b) having the highest amplitude is chosen 

instead of the good one (peak 1 in Figure 8b). The second criterion assumes that in an A-scan the 

first peak which appears corresponds to the first interface, the second peak corresponds to the 

second interface and so on. The drawback of this criterion is that due to noise a threshold has to 

be settled to choose what is consider as a significant peak. A high threshold may lead missing the 

real peak, whereas a low threshold may result in a false peak detection. Figure 8d shows the 
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inaccurate result obtained using this criterion with the semi-transparent object. One idea to build 

a robust peak classifier is to assume that the interface exists and is continuous, i.e., distance 

between neighbor 3D points is minimal. The peaks are chosen such that the mean separation 

distance among them is minimal: it is the surface continuity criterion. Figure 8e shows the 

corresponding accurate results. 

 

 

  

(a) (b)   

   

 

(c) (d) (e)  

Figure 8. Peak classifier in SSOCT: case of the semi-transparent marble object. (a) A B-scan. (b) 

A-scan at ݔ = ͺ݉݉. Line profile based on: (c) the peak amplitude; (d) the peak position; (e) the 

surface continuity.  

 
 

  

(a) (b)   

Figure 9. Peak classifier in SSOCT: case of the transparent plastic object. (a) A B-scan. (b) A-

scan at ݔ = ͷ݉݉. 

 

4. Concluding remarks on the possibility of combining triangulation and SSOCT for 

q0uantitative NDE 

In order to avoid data misinterpretation and position optical 3D imaging techniques as 

quantitative NDE methods, these techniques must maintain a very good accuracy whatever the 

optical properties of the inspected objects. We have presented results showing that laser 

triangulation, phase shift triangulation and SSOCT can reconstruct opaque surfaces with a 

micrometric accuracy. We also came to the conclusion that revising the working principle of 

triangulation techniques should make it possible to reconstruct semi-transparent surfaces with the 

same accuracy. Furthermore, by processing the A-scans adequately, SSOCT, which gives an 

overview of the internal structure of semi-transparent and transparent objects, can also accurately 

perform 3D reconstructions; specifically for a class of objects having a non-negligible level of 

subsurface light scattering. The following remarks motivate the idea of combining triangulation 

and SSOCT for quantitative NDE:  

 SSOCT and triangulation are suitable for processes where surface inspection is necessary. 
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 Triangulation techniques is more dependent on the level of the back-reflected ligth than 

SSOCT. 

 Contrary to triangulation techniques, SSOCT provides a direct overview of the internal 

structure of semi-transparent and transparent objects; this is of high value in 

characterizing complex defects. 

 Triangulation can be a point by point, a line by line or a dense full-field 3D imaging 

technique. SSOCT operates point by point only. 

 Triangulation techniques require way less data processing than SSOCT; the amount of 

data that must be acquired and processed  in SSOCT can represent a bottleneck for the 

development of real-time inspection systems. 

Various scenarios can be contemplated to combine triangulation (operating in full-field) and 

SSOCT: 

 Triangulation can be used for fast detection of suspicious regions where SSOCT will 

perform surface and subsurface defects characterization. 

 Triangulation can provide informations making that SSOCT focusses imaging effort to a 

specific depth range, reducing then the amount of data acquired and stored. 

 Triangulation can be a path provider to SSOCT. This is of interest for surface with 

specificities such as edges, occlusions, particular geometric artifacts, etc. A compact 

SSOCT sensor can be used to inspect these specificities using a path provided by 

triangulation. 

Measurement head integrating two 3D sensors, one using triangulation and the other using 

interferometry will provide a reliable, accurate and robust system for surface inspection at 

micrometric level, for monitoring manufacturing processes and for assessing the internal 

structure of semi-transparent and transparent objects, etc. 
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