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Abstract A study on the non-linearity of laser triangulation probes is presented in this paper.  
The influences of design variables on non-linearity were studied by Response Surface 
Methodology and the significant factors were identified.  A regression model was developed, 
with which non-linearity can be conveniently evaluated in the design stage of laser 
triangulation probes.  The sensitivities of non-linearity to the design variables are evaluated. 
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1 Introduction 

Non-contact coordinate measurement is widely used today due to the demands of fast probing.  
Laser triangulation probes are dominant in the non-contact measurement on CMMs because 
of the advantages of simple structure and lightweight.  However, the inherent non-linearity 
of laser triangulation measurement coming from the measurement principle limits its 
accuracy.  Garcia et al. [1] used non-linear optical triangulation technique for the 
measurement of flatness.  The non-linearity is corrected through calibration.  Zhang et al. 
[2] presented a novel method using prism-based optical structure to correct the nonlinear 
problem of Laser Triangulation Displacement Measurement (LTDM).  Power and Xue [3] 
introduced a technique that compensates for the real-world application by doing a 
system-wide nonlinear transform. 

When studying the performance of laser triangulation probes, models are needed to simulate 

observed measurement errors.  Smith and Zheng [4] developed a Point Laser Triangulation 
probe model to simulates observed measurement errors and shows the effects of placement 
and orientation of internal components. 

In this paper, the non-linearity of a point laser triangulation probe was studied by Response 
Surface Methodology (RSM) using simulated data.  A regression model was developed, 
with which the non-linearity can be conveniently evaluated in the design stage of laser 
triangulation probes.  The sensitivities of non-linearity to the design variables are evaluated. 
 

2 Methodology 

A typical laser triangulation probe is as shown in Figure 1.  The position of a target is 
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determined by measuring reflected light from the target surface.  A transmitter (laser diode) 
projects a light spot onto the target.  In order to reduce the influence of measurand surface, 
the laser is projected perpendicularly [5, 6].  The light is reflected off the target and focused 
via an optical lens system onto a light sensitive device built into the sensor head, called a 
receiving element.  If the target changes its position from the reference point the position of 
the projected spot on the detector changes as well.  The signal conditioning electronics of 
the laser detects the spot position on the position sensing device (PSD) and coupled with 
linearization and additional signal processing (digital or analogue) provides a proportional 
output signal (digital or analogue) to the position of the target. 

PSD’s are analogue detectors that rely on a current generated in a photodiode divided into 
one or two resistive layers.  The amount of current from each output is proportional to the 
reflected light spot position on the detector.  As shown in Figure 2, if the reflected light spot 
is in the middle of the detector the two analogue outputs will be equal and as it moves from 
the centre the two outputs change proportionally. 

 

  
Figure 1: Laser triangulation probe Figure 2: Position sensing device 

 

As shown in Figure 1, from geometric optics we have 
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where L0, Li and f are object distance, image distance and focal length, respectively. 

It is derived from the similarity of triangles that 
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where α is optical angle and β is PSD angle. 

The height being measured is given by [7] 
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Eqn. 3 suggests that the relationship between h and s is nonlinear.  Although a linear 
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relationship can be assumed when h is very small, measurement errors are induced by this 
non-linearity. 

In this study, Response Surface Methodology (RSM) was chosen to investigate the influence 
of design variables on non-linearity.  Four design variables, Lo, f,  α and β were chosen.  Li 
can be calculated from these four variables using Eqn. 1.  For each variable, three levels 
were chosen.  Thus, a 34 factorial design was organised.  The ranges of design variables 
were chosen based on a triangulation probe being developed in-house, which were dependent 
on the PSD and lenses being used, The ranges of design variables are as shown in Table 1.  
The measurement range is 2±=h  mm.   

 
Table 1: Design variables and levels 

Design variable Low Middle High 
Lo (mm) 30 40 50 
f (mm) 10 15 20 
α (°) 30 45 60 
β (°) 45 67.5 90 

 

For each variable combination, a series of h vs. s data was generated using Eqn. 3.  A linear 
regression model was fitted to the data.  For example, when Lo = 30 mm, f = 10 mm, α = 
30°, and β = 45°, the h vs. s curve and the fitted linear model are shown in Figure 3.  The 
linear model is 0609.0808.2 −= sh .  The error induced by non-linearity is shown in Figure 
4. 

 

  
Figure 3: h vs. s Figure 4: Error induced by non-linearity 

 

In order to quantify non-linearity, degree of non-linearity (dNL) is introduced, which is 
defined as 

SST
SSR

SST
SSEd NL −== 1  (4) 

where SSE, SST, and SSR are the error sum squares, the total sum squares, and the regression 
sum squares, respectively [8].  A lower SSE implies the linear model provides a better fit to 
the data.  In this case, dNL = 0.22%. 



 4 

After all dNL values were found, the Box-Cox transformation was conducted to normalise the 
data.  This is a useful data (pre)processing technique used to stabilize variance, make the 
data more normal distribution-like, and improve the correlation between variables.  
Logarithm transformation was chosen.  The Analysis of Variance (ANOVA) suggests that a 
two factor interaction (2FI) model or a quadratic model gives similar accuracy.  In order to 
keep the model simple, the 2FI model was chosen.  Stepwise regression technique was used 
and it was found that f was insignificant.  The final regression model for ln(dNL) is given by 
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Non-linearity reaches its minimum when Lo = 50 mm, α = 60° and β = 90°. 

The sensitivities to the design variables are characterized by the coefficients of sensitivity (CS) 
as 
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where CSLo, CSα and CSβ are the coefficients of sensitivity to Lo, α, β, respectively.  CSLo, CSα 
and CSβ are graphically shown in Figure 5.  It is seen that CSα linearly decreases with 
increasing β; CSLo slightly decreases with increasing β; and CSβ increases with α, but slightly 
decreases with increasing Lo.  The minimum sensitivities are reached when Lo = 30 mm, α = 
30° and β = 45°. 
 

 
Figure 5: Coefficients of sensitivity 
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3 Conclusions 

A study on the non-linearity of laser triangulation probes is presented in this paper.  The 
influences of design variables on non-linearity were studied by Response Surface 
Methodology and the significant factors were identified.  A regression model was developed, 
with which non-linearity can be conveniently evaluated in the design stage of laser 
triangulation probes.  It is seen that non-linearity decreases with increasing Lo, α or β, and 
non-linearity reaches its minimum when Lo = 50 mm, α = 60° and β = 90°.  The sensitivities 
of non-linearity to the design variables are evaluated.  It is seen that CSα linearly decreases 
with increasing β; CSLo slightly decreases with increasing β; and CSβ increases with α, but 
slightly decreases with increasing Lo.  The minimum sensitivities are reached when Lo = 30 
mm, α = 30° and β = 45°. 
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Appendix: Data Used for Regression 

Lo f α β dNL Lo f α β dNL 
(mm) (mm) (°) (°) (%) (mm) (mm) (°) (°) (%) 

30 10 30 45 0.22 40 15 45 90 0.03 
30 10 30 67.5 0.14 40 15 60 45 0.13 
30 10 30 90 0.09 40 15 60 67.5 0.05 
30 10 45 45 0.24 40 15 60 90 0.02 
30 10 45 67.5 0.12 40 20 30 45 0.13 
30 10 45 90 0.06 40 20 30 67.5 0.08 
30 10 60 45 0.22 40 20 30 90 0.05 
30 10 60 67.5 0.09 40 20 45 45 0.13 
30 10 60 90 0.03 40 20 45 67.5 0.07 
30 15 30 45 0.22 40 20 45 90 0.03 
30 15 30 67.5 0.14 40 20 60 45 0.13 
30 15 30 90 0.09 40 20 60 67.5 0.05 
30 15 45 45 0.24 40 20 60 90 0.02 
30 15 45 67.5 0.12 50 10 30 45 0.08 
30 15 45 90 0.06 50 10 30 67.5 0.05 
30 15 60 45 0.22 50 10 30 90 0.03 
30 15 60 67.5 0.09 50 10 45 45 0.09 
30 15 60 90 0.03 50 10 45 67.5 0.04 
30 20 30 45 0.22 50 10 45 90 0.02 
30 20 30 67.5 0.14 50 10 60 45 0.08 
30 20 30 90 0.09 50 10 60 67.5 0.03 
30 20 45 45 0.24 50 10 60 90 0.01 
30 20 45 67.5 0.12 50 15 30 45 0.08 
30 20 45 90 0.06 50 15 30 67.5 0.05 
30 20 60 45 0.22 50 15 30 90 0.03 
30 20 60 67.5 0.09 50 15 45 45 0.09 
30 20 60 90 0.03 50 15 45 67.5 0.04 
40 10 30 45 0.13 50 15 45 90 0.02 
40 10 30 67.5 0.08 50 15 60 45 0.08 
40 10 30 90 0.05 50 15 60 67.5 0.03 
40 10 45 45 0.13 50 15 60 90 0.01 
40 10 45 67.5 0.07 50 20 30 45 0.08 
40 10 45 90 0.03 50 20 30 67.5 0.05 
40 10 60 45 0.13 50 20 30 90 0.03 
40 10 60 67.5 0.05 50 20 45 45 0.09 
40 10 60 90 0.02 50 20 45 67.5 0.04 
40 15 30 45 0.13 50 20 45 90 0.02 
40 15 30 67.5 0.08 50 20 60 45 0.08 
40 15 30 90 0.05 50 20 60 67.5 0.03 
40 15 45 45 0.13 50 20 60 90 0.01 
40 15 45 67.5 0.07      
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