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Abstract—This paper presents the geometric design and the 

performances of a high precision fiber-optic linear displacement 

sensor. Its original characteristic is the ability to measure the 

linear displacement of a rotating spindle. This sensor consists of 

two fiber-optic probes and a grating of assembled cones. First, 

the measurement principle is introduced. Then, the geometric 

model for sizing the first prototype grating is presented. The high 

precision fabrication technique of this initial prototype is 

illustrated. Finally, the sensor was used to measure the linear 

displacement of a rotating spindle.  

Keywords—fiber-optic; sensor; on-line; measurement; diamond 

tool machining. 

I.  INTRODUCTION  

Nowadays the need of miniature sensors, with high 
performances, is becoming more and more essential in 
different industrial applications. Among these miniature 
sensors, are the displacement sensors, providing high accuracy 
on a long measurement range. These displacement sensors are 
mainly integrated in micro-positioning systems, where high 
resolution is required. 

Displacement sensors based on optical technology are ones 
of the most adapted measurement systems, thanks to their 
ruggedness and often contactless characteristics. Optical 
interferometry is one of those technologies; they allow the 
measurement of linear displacements with resolutions and 
accuracies below the nanometer [1]. Fan et al. [2] developed a 
measurement system, consisting of a mini linear diffraction 
grating interferometer (LDGI), it has the dimensions of 
50×30×30 mm3. The LDGI together with the focus probe are 
integrated into the spindle system of a micro-/nano Coordinate 
Measurement Machine (CMM). The measurement sensor 
delivers an accuracy of 30 nm over the 10 mm displacement 
range of the spindle. Another example is the study developed 
by Chung-Ping Chang et al [3], where the design of the 
conventional Fabry-Perot interferometer was modified in way, 
so that the attained measurement range was 100 mm, the 
optical resolution was enhanced to a quarter wavelengths.  

Several studies based on other optical technologies for 
linear displacement measurement have been done. CMOS 

technology is used to integrate optical metrology on a single 
chip. The result is a miniature interferometric linear encoder 
principle using diffraction grating [4]. Akihide Kimura et al. 
[5] described a three-axis surface encoder, consisting of a  
planar grating and an optical sensor head. It has been designed 
and manufactured for sub-nanometric displacement 
measurement along the X-, Y- and Z directions. The optical 
sensor head had the dimension of 50mm (X)×70mm 
(Y)×40mm (Z), it has been confirmed that the surface encoder 
could identify the vibration of the three-axis PZT stage with 
resolutions of better than 1 nm in all the three axes.  

Besides the high performances for the developed sensor, the 

actual study has an additional objective which is the on-line 

displacement measurement of a rotating axis. This objective is 

useful for several applications. One of these is the on-line 

depth measurements for drilled holes. This application was the 

subject of many research studies. Koegl et al. [6, 7] presented 

a method to detect the depth of a laser-drilled hole in real time, 

using a breakthrough detector. It used magnetic field pickup 

coils placed upon the surface of a workpiece for the real-time 

detection of the magnetic field signal of laser-induced plasma 

during laser drilling. In more recent studies, Cheng-Hsiang 

Lin et al. [8] developed an optical measuring system based on 

confocal principle; this system is capable of real-time 

precision measurements of the depth of micro-holes during 

laser drilling with 0.5 µm sensitivity. Chao-Ching Ho et al. [9] 

presented a novel method for monitoring and estimating the 

depth of a laser-drilled hole using machine vision; by 

transforming the laser-induced plasma region into a pixel 

value, a correlation could be obtained between the cumulative 

pixels and the hole depth.  

The previous mentioned studies [6 - 9], are able to measure the 

on-line depth, only for laser-drilled holes, which can’t be 

applied for all drilling process. However, the sensor developed 

in this research study, must be able to measure the on-line hole 

depth for mechanical drilling, when a conventional fabrication 

machining is in use. 

In order to achieve the overall requirements for the actual 
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measurement system fiber-optic technology was the one 

chosen for the developed sensor, thanks to its several 

advantages, like: the miniature size, immunity to 

electromagnetic interferences, its access in different 

environmental conditions, etc [10]. 

A miniature fiber-optic sensor able to provide a nanometric 
resolution over a millimetric range was proposed. In two 
previous studies, the principle of the sensor in one dimension 
and in two dimensions had been validated respectively [11, 
12]. 

In this research study, the fiber-optic displacement sensor is 
used to measure the linear displacement of a rotating spindle. 
The measurement has to be independent of the angular 
orientation of the spindle axis during the linear movement. To 
satisfy the requirements of the target application, which is the 
on-line depth measurement for drilled-holes, the mirror must 
be axis-symmetrical, and consequently its surface has to be 
curved (convex). 

In this paper, the measurement principle and the geometric 
model of the sensor reflector are introduced. Then, the 
fabrication technique is presented. Finally, the measurement 
principle of the sensor is validated experimentally.  
 

II. SENSOR PRINCIPLE 

The sensor consists of two fiber-optic probes and a high 
reflective mirror in relative displacement. Each probe has one 
emission fiber and four reception fibers; the reflected light 
detected by the sensor depends on the distance between the 
mirror and the probe. The sensor performances when it is 
associated to a flat surface have been already studied [13]. 
When translating the flat mirror perpendicularly to the probe 
axis, the sensor response curve is obtained. Figure 1 (a) shows 
the axial displacement of the mirror in front of the fiber optic 
probe, which generates the response curve shown in Figure 1 
(b). 

 

 
 (a) 

 
 (b) 

Fig. 1. Measurement principle of the fiber-optic displacement sensor. 

The working zone for the sensor is zone 3 because of its 
linearity and high sensitivity. However, the measurement 
range of that zone, for the axial displacement is limited to 200 
µm, which is not suitable for applications requiring large 
strokes. For that reason, and in order to increase the linear 
measurement range, the displacement direction of the flat 
mirror is different from the normal vector orientation of its 
surface resulting in the multiplication of the nominal range 
value by the factor of (sin ε) -1; where ε is the inclination angle 
related to the grating axis. As a result, the fiber-optic probe 
displaces laterally to the flat mirror. Two schematic diagrams 
for the displacement directions in the classical case (Figure 2 
(a)) and the lateral case (Figure 2 (b)) are presented. 

 

 
Fig. 2. Schematic diagrams for the displacement directions. 

By repeating the tilting mirror configuration, a reflective 
grating is obtained. 

In order to avoid the transition between two consecutive 
steps in the grating, two fiber-optic probes are used, which 
ensures a continuous displacement measurement over a long 
range.  

In this research study, the objective is to measure the linear 
displacement of a rotating axis for that, the sensor reflective 
grating has to have a 3D shape in order to provide a valid 
measurement even if the sensor rotates along its axis of 
symmetry. A schematic diagram of this grating associated to 
the fiber-optic probes is shown in Figure 3. 

 

 
Fig. 3. Schematic diagram of the cones assembled grating associated to the 

fiber-optic probes. 

III. GEOMETRIC MODEL OF THE REFLECTIVE SURFACE 

A. Convex surface model 

The reflective grating of the sensor is a set of assembled 
cones; this implies that the sensor reflective surface is convex. 
For that reason, a geometric model for the sensor when it is 
associated to a convex reflector was developed. This model 
calculates the light intensity detected by the sensor as a 
function of displacement (d0) and the radius of curvature (Rc), 
which helped in comparing the sensor performances in two 
types of reflectors (planar and convexe) [10]. Figure 4 
represents the results of that model, already presented in [10], 
where the response curves of the sensor for several radii of 
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curvature (Rc) have been obtained as a function of the 
displacement (d0). 

 

Fig. 4. Response curves for several radii of curvature. 

The flat mirror configuration was used as a reference, where 
the light intensity is maximal. It is clear that the higher the 
radius of curvature is, higher will be the normalized light 
intensity detected in the linear part of the curve, which means 
higher sensitivity, and that enhances the sensor performance.  
Figure 5 presents the variation of linear sensitivity with the 
radius of curvature (Rc). 
 

 
Fig. 5. Linear sensitivity for several radii of curvature (geometric model 

results). 

It can be seen from Figure 5 that the highest linear sensitivity 
is obtained for the radii of curvature from 20 mm to 150 mm. 
It has an approximate value of 3.75 mm-1. For the radii of 
curvature below 20 mm, the linear sensitivity starts to 
decrease. For the small radii less than 10 mm, the linear 
sensitivity reduces sharply. 

B. Experimental validation of the reflective surface model 

The geometric model previously described, has been 
experimentally validated. Two cylindrical pieces with 
different radii of curvature have been fabricated; piece (A) 
with radii of curvature (20, 15, 10, 5 mm) and piece (B) with 
large radii of curvature (27.5, 25, 20, 17.5 mm). The two 
pieces had been fabricated with a single crystal diamond tool, 
having a radius of curvature (R= 2 mm), on a high precision 
turning machine, which gave a surface roughness of 40 nm, 
this roughness was measured with an interferometric 
microscope New View 200. 

The calibration curve of the sensor, for each radius of 
curvature was obtained, except for Rc = 27.5 mm of piece (B) 

and Rc = 20 mm for piece (A) because of their higher 
roughness values due to the tool wear. Each fiber-optic probe 
has been moved away from each cylinder with a motorized 
translation stage. Figure 6 shows the experimental setup used 
in piece (A) and piece (B). 

   

  (a)            (b) 

Fig. 6. Experimental setup: (a): piece (A), (b): piece (B). 

The linear sensitivity has been calculated for each curve 
with 1% linearity criterion. Figure 7 shows the variation of the 
experimental linear sensitivity with the radius of curvature 
(Rc). 

 

Fig. 7. Experimental sensitivity for several radii of curvature. 

As seen from Figure 7, the experimental sensitivity 
increases as a function of the radius of curvature which is in 
agreement with the geometric model. For that reason, it is 
preferred to fabricate the cones assembled grating on a 
cylinder with a high radius of curvature, as that ensures the 
good performance of the fiber-optic sensor. In this study, a 
cylinder with a radius of curvature of 25 mm was the one 
chosen for the grating fabrication.  

C. Geometric design of the cones assembled grating 

A second geometric model was developed, for which the 
aim is to simulate the functionality of the sensor at long 
measurement range. This model provides the grating size, for 
which good performances are guaranteed. For that objective, 
two conditions are verified in this model: 

1. The distance between the probe and the grating step 
has to be in the linear zone (zone 3 of figure 1). 

2. The overlap between two successive signals is fixed 
at 30 µm to avoid the linear measurement 
discontinuity during the steps transition. 
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Figure 8 shows the geometric parameters considered for two 
steps in the cones assembled grating where: 

• l: the step length (µm), 

• hp: the step segment (µm), 

• ε : the step angle (°), 

• γ: the angle at the bottom of the step (°). 
 

 

Fig. 8. Geometric form of two steps in the cones assembled grating. 

For this initial prototype grating, the obtained geometric 
dimensions for each step are: 

• Step length (l): 1541 µm 

• Segment (hp): 253 µm 

• Angle (γ): 130° 

• Step angle ε: 7.17° 

The geometric model gives the result shown in the figure 
below, where: 

• Theoretical axial position (µm): the position of 
the sensor in the classical case (without 
inclination) 

• Theoretical lateral position (µm): the position of 
the sensor in the lateral case (with inclination) 
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Fig. 9. Geometric model result for the cones grating sizing. 

As seen from Figure 9, the lateral configuration for the 
sensor could extend the measurement range to 2.4 mm which 
corresponds to the linear parts of the three steps of the cones 
assembled grating. The overlap between two consecutive steps 
is 30 µm. 

IV. CONES ASSEMBLED GRATING FABRICATION AND SURFACE 

CHARACTERISATION 

The cones assembled grating had been fabricated on a high 
precision turning machine and a single-crystal diamond tool 
having a radius of curvature (R= 0.1 mm) on an aluminium 
alloy which provided high geometrical precisions and good 
surface qualities [14, 15]. 

A. Machining Process 

For the prototype considered in this study, ten steps were 
machined for the cones assembled grating. 

The machining procedure is divided into two main parts; for 
the first part, every step is machined by achieving seven 
successive cuts. The second part is the last finishing cut which 
allows getting the final form of the overall grating. Figure 10 
presents a schematic diagram for the cuts on one step of the 
grating; where for every step two successive trajectories were 
programmed: Firstly, from point A to point B in order to get 
into the material and to generate a slope respecting the value 
of the angle ε. The second trajectory is from point B to point C 
to get out from the material following the angle γ. Afterwards, 
the tool turns back to its initial position A to re-do another cut. 

 
Fig. 10. Schematic diagram for the machining technique. 

For the first six cuts, the depth of cut was fixed to 20 µm. The 
seventh cut was done at 10 µm. and the depth of the last 
finishing cut (the 8th) was fixed at 5 µm which ensures optimal 
cutting conditions.  

B. Geometric and surface charcteristics of the fabricated 

assembled cones grating 

The resulted fabricated grating have been characterised 
geometrically using the NanofocusTM µscan optical 
profilometer to measure the resulted dimensions after 
fabrication, the measurement axis of the profilometer is 
perpendicular to the translation axis of the grating (Figure 11).  

 

Fig. 11. Geometric characteristics with the Nanofocus TM. 

Figure 12 shows the profile of the measured grating. The 
average value of the angle ε on the ten steps is (7.25 ± 0.01°), 
for a theoretical one of 7.17°. 
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Fig. 12. Geometric profile of the cones assembled grating after fabrication. 

The average value of the meausred step length on the ten steps 
is (1539.6 ± 4.1 µm), for a theoretical one of 1541.8 µm. The 
average value of the measured step height on the ten steps is 
(196.2 ± 2.1 µm), for a theoretical one of 194 µm. These 
results are good for a first prototype of the cones assembled 
grating. The surface roughness for each step in the conical 
grating were measured using the interferometric microscope 
New View 200, the averge measured roughness value on the 
ten steps is (78.9 ± 6.6 nm), which is higher than the one 
obtained in the fabrication of the two cylindrical pieces (cf. III. 
B). This difference is due to the radius of the fabrication tool 
(R = 0.1 mm), which was necessary to obtain the geometric 
characteristics of the conical grating. Figure 13 presents an 
example of the roughess value on the first step, (Ra = 0.079 
µm), this value is enough for high surface reflectivity.   

 

 

 

 

 

 

 

 

 

 
Fig. 13. Surface roughness for the first step using the interferometric 

microsocope New View 200. 

V. EXPERIMENTAL VALIDATION OF THE MEASUREMRNT 

PRINCIPLE FOR THE FIBER-OPTIC DISPLACEMENT SENSOR 

Once the surface characteristics have been identified, the 
measurement principle of the fiber-optic displacement sensor 
associated to the cones assembled grating was defined. 
In order to validate the measurement principle using the initial 
prototype the conical grating was maintained on the high 
precision turning machine (in order to generate a translation 
and a rotational movement simultaneously). In addition, an 
experimental set-up guaranteeing the optimal positioning of 
the sensor in front of the conical grating was used.  

For this initial prototype, one fiber-optic probe had been used 
for which, one signal was generated. The signal was 
duplicated and shifted in order to verify the overlap between 
the two successive signals. Figure 14 presents an example of 

the two signals. The grating moves at a speed of 0.5 mm/s and 
an overlap of 30 µm between the two signals was verified. 

 

Fig. 14. Output voltage as a function of the grating displacement at 0.5 mm/s 

As seen from the figure 14, the fiber-optic sensor measured 
the linear displacement on a measurement range of 2.4 mm on 
three steps of the cones grating, the average linear sensitivity 
is 4.57±0.06 V/mm for a variation in the signal of 3.69 V. As 
seen, the overlap in figure 14 is different from that in figure 9, 
as the one presented in figure 14 is the experimental overlap 
and the one in figure 9 is the theoretical one. 

In addition to the previous result, an axial displacement and a 
lateral one were done in front of one step in the conical grating 
(Figure 15). 

 

Fig. 15. Axial displacement and lateral displacement in front of one step in the 
cones assembled grating. 

Figure 15 shows the difference between the axial and the 
lateral displacements; the axial sensitivity is 36.44 V/mm, 
whereas the lateral sensitivity is 4.44 V/mm. The axial 
measurement range is 184 µm, while the lateral one is 760 
µm. The inclination angle deducted is 6.99°. 

In a second time, a translation movement associated to a 
rotational one was done. The grating was translated at a speed 
of 0.1 mm/s and at the same time the spindle was rotated at 0.5 
rps. The fiber-optic probe gave the following ouput voltage 
signal (Figure 16).  
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Fig. 16. Output voltage as a function of the grating in translation of 0.1 mm/s 
and in rotation at 0.5 rps. 

It is observed from Figure 16, the appearance of periodic 
peaks, when there is a rotational mouvement, in addition to the 
translational one. Every peak has an approximate amplitude of 
1.37 µm, with a period of 2 s. These periodic peaks are due to 
a problem of unbalanced rotation of the spindle. On the other 
hand, higher values for the translation and rotation speeds 
have been tested, Figure 17 presents the signal obained while 
translating at 0.5 mm/s and rotating at 1 rps. 

 

Fig. 17. Output voltage as a function of the grating in translation at 0.5 mm/s 
and in rotation at 1 rps. 

As observed from figure 17, with higher values for the 
translation and rotation speeds, the amplitudes of the peaks 
were attenuated. This phenomenon had been tested with each 
mouvement (rotation and translation) separately, where it was 
found out that higher values of the speed in each case 
attenuate the peak amplitudes in the signal. 

VI. CONCLUSION & PERSPECTIVES 

This paper presents the design of an original fiber-optic 
displacement sensor, used for the linear displacement 
measurement of a rotating spindle. First, the geometric 
parameters which size the cones assembled grating were 
defined. Then, a high precision turning machine with a single 
crystal diamond tool were used to fabricate ten steps of an 
initial prototype for the conical grating. The geometric and the 
surface characteristics of those steps were characterized using 
a NanofocusTM µscan optical profilometer and an 
interferometric microscope New View 200, respectively. Good 
agreement with the theoretical geometric parameters was 
obtained as well as a nanometric roughness value. Finally, the 
measurement principle using one fiber-optic sensor was 

validated. The signal generated was duplicated and shifted in a 
way where a 30 µm overlap was verified. In a second time, the 
grating was translated and rotated, simultaneously. Periodic 
peaks were observed in the signal output due to an unbalanced 
rotation of the spindle. These peaks are attenuated at higher 
values of the rotational and translational speeds.  
In a future work, an optimized geometric model for the conical 
grating dimensions will be used to fabricate the final 
prototype, which enhances the sensor performances. The 
surface characteristics will be improved by decreasing the feed 
rate speed. In addition, two-fiber optic probes will be used to 
fully validate the measurement principle. For the future use of 
this sensor, the grating will be attached to the measurement 
object depending on the application used. 
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