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Surface profile measuring system based on fringe projection and

sinusoidal phase modulation

Feng Fan, Duan Fajie, Bo En, Lv Changrong, Fu Xiao, Huang Tingting
(State Key Lab of Precision Measuring Technology & Instruments, Tianjin University, Tianjin 300072, China)

Abstract: A fiber —optic interferometer based on fringe projection and sinusoidal phase modulation
(SPM)for three —dimensional surface profile measurement was presented. It made use of Young’s
double pinhole interference principle to achieve fringe projection. And sinusoidal phase modulation
was accomplished by driving piezoelectric transducer using a cosine voltage single. To eliminate the
external disturbances such as mechanical vibration and temperature fluctuation, a phase control system
was proposed by detecting the phase drift and giving real —time compensation. The phase error was
reduced to 6.8 mrad after compensating. A high phase stability of the interference fringe can be achieved.
By measuring the surface profile of a glass plate for two times over an interval of 10 min, the repeatability
is about 0.05 wave. Experimental results show that the proposed interferometer can be used for surface
profile measurement with a high precision.
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0 Introduction

With the properties like noncontact, nondestructive,
high speed and high resolution, three—dimensional (3—D)
profilometry has a variety of applications, such as control
for intelligent robots, obstacle detection for vehicle
guidance, stamping panel geometry checking, and other
fields''~*1. Traditional 3 —D profilometry are based on
phase techniques and the phase distribution of the surface
can be used to measure height information indirectly
through perspective geometry and structural parameters
of the projection system. And fringe projection can
provide a stabilized reference in many practical
applications™ !, Of the phased techniques currently used,
interferometry has been presented and exhaustively
studied to measure surface profiles with high accuracy*"1.
As a typical interferometry, sinusoidal phase modulating
(SPM)has advantages of a simple configuration, high
precision, strong anti —jamming ability. SPM can be
achieved by driving two sinusoidal vibrating
piezoelectric transducers (PZT) to effectively decrease
measurement errors, improve the signal—to —noise (SNR)
and reduce distortion®-"1,

In this paper, a fiber—optic interferometer is described,
which makes use of the Young’s double pinhole
interference principle and Mach —Zehnder interferometer
structure !, This interferometer, which is insensitive to
external disturbances, can produce an accurate cosine
fringe projection and measure surface profile with a
high precision -1 In Section 2, the optical setup of
the system is presented, and the integrating —bucket
method and the geometry model ™ are both described,
which can develop the relationship between the fringe
pattern and the object’s surface profile. In Section 3,
the phase control system is presented to extract phase
and achieve the phase stabilization of interference fringe
pattern. In Section 4, an experimental result of the
reconstruction of a paper plate will verify the
applicability of the proposed method. Some conclusions

are drawn in Section 5.

1 Composition and measuring principle

1.1 Optical setup

Figure 1 shows a schematic representation of the
fiber —optic fringe projection measuring system. The light
source is a He—Ne laser with good coherence. Light from
the laser is collimated by a lens and evenly split into the
signal arm (b) and reference arm (c) by a 2 x2 optical
coupler. These two arms are wrapped under slight tension
around the cylinder —shaped PZT. Their fibers’ end faces
align close together, forming the pinholes in a Young's
Mach —Zehnder

interference, and composing a

interferometer, and then supply a high -density
interference fringe projection of cosine distribution on the
object when satisfying far —field and paraxial condition.
The CCD captures the deformed fringe pattern, and

finishes the profile reconstruction with some algorithm.

plane

PD } FBC —P—} DR

Fig.1 Optical setup of the measuring system (MS, modulated signal; PD,
photo detector; FBC, feedback controller; DR, driver)

In addition, the optical fiber exposed in the air is
sensitive to external disturbances such as mechanical
vibration and temperature fluctuation. These external
disturbances cause low frequency fluctuations in the phase
of the interference signal. We can eliminate fluctuations in
phase by using SPM with a feedback controller. The
Fresnel reflections on the two fibers’ end faces generate
the Michelson interference signal, which travels back
through the fiber —optic coupler to the arm (d). This
interference signal is projected onto PD, and then
transmitted to the feedback controller to generate a
compensation single. An oscillator drives PZT1 to

produce the phase modulation single and PZT2 is driven
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by the compensation voltage. By changing the length of
the optical fiber arms, the work of phase stabilization and
sinusoidal modulating will be accomplished.
M(t)=acos(wt+80) @))
Where a is the amplifier of the modulated signal, w is the
modulation frequency, and 0 is the initial phase of M ().
Then the interference fringes are obtained as
s(x,y,=k+kcos[zcos(wt+0)+p(x,y)+E(H)]  (2)
where k; is the background illumination, k, is the contrast
between light and dark fringes, z is the phase modulation
coefficient, ¢ (x,y) is the phase of the interference fringes,
and £(7) is the additional phase. The methods to extract ¢(x,
v) and eliminate £(7) are described in Sec.3.
1.2 Integrating—bucket method
Figure 2 shows the modulated signal M (f) and
the integration of the time—varing signal. The integration
is performed in a parallel manner by the CCD. The charge
storage period T, of the image sensor is selected as 7/4.

Then these four separated frames are given by

A pTA
Bt | stoyod 1= @)

|

|

| \/
16=567

|
— |

oo\ |

Fig.2 Schematic of the integrating—bucket method

When the parameters z and 6 are selected as the
optimum values 2.45 and 56° ' respectively, the
influence of the additive noise will decrease to minimum,
and the phase ¢ (x,y) is obtained with the simplified
formula

E\—E~E+E
N=arctan( La=Le— Lyt Ly 4
plx, y)=aretan( 1 ZpE R )
1.3 Geometry model

The coordinate system of fringe projection model is

shown in Fig.3. The plane xoy is chosen as the object

y

I ‘ Oth order
Image ?<fringe
plane Y

plane
Fiber
projector

Fig.3 Fiber—optic interference fringe projection model.
plane, and the object plane’s center point O is chosen as
the optical model’ s origin. The x —axis and y —axis are
parallel to the horizontal and vertical direction of the
object plane, respectively. The z—axis is along the optical
axis of the CCD camera. The center of the CCD lens is
located at the point U with a base line distance of d from
the origin. The center of the fiber projector is located at the
point W. To make sure that UV is parallel to the y —axis,
the precise position of W is found, which has a distance of
D from the origin. The interference fringes from the fiber
projector are aligned along the y —axis with the Oth order
fringe, which makes a projection angle of S, The
coordinates of a point K(x,y, z) on the fringe plane with a
projection angle of B satisfies the plane equation given by

sin B(VD*~& +y)=cot B(d+z) (5)
Ki(p, q) is the mapped point located at the image plane,
where p and ¢ are the indices of the horizontal and
vertical pixels, respectively. The image point K; is thus
the line projection of point K (x,y,z) to the image
plane through the lens center. By defining f as the
distance between lens center and image plane, the
mapping relation is obtained between K and K;, which is
given by

X _y _d+z (6)
-» -9 f
Solving Eqgs.(5) and(6) for the coordinate (x,y, z),

it is obtained



% 12 3

Feng Fan et al: Surface profile measuring system based on fringe projection and sinusoidal phase modulation 3765

= PNV D=d"
JeosB+q

—_qVD-d (7)
JeosB+q
N D=d
feos B+q
The fringe projection angle 3 is related to the phase

¢@(x,y) of the optical fiber interferometer by
o0, =2l tan (BB +¢, ()

where [, is the distance separating the two fiber cores, A is
the wavelength of laser, ¢, is the initial phase difference
between two optical arms. Satisfying the far —field and
paraxial condition, tan(8-p,) is equivalent to 8—£3, and
Eq.(8)can be simplified as

B A

=-"—[e(x,y)=¢Bo ©)]
2l

Once the interference phase is determined, Eq.(9)can

be used to solve for the projection angle and subsequently

to find coordinates K (x , y , z) using Eq.(7).
2 Phase control system

The current in the laser changes by Al with
temperature. The Al produces a small change in the
wavelength of the laser by k, _,Al;, where k, _; represents
wavelength —current coefficient. The external mechanical
vibration causes the change Al, in the optical path
difference between the signal and reference waves. These
Al and Al, cause phase fluctuation in interference signal.
The phase shift will be controlled by driving PZT2 to
produce Al.. Considering the changes Aly, Al;, Al;, the
initial phase ¢, and Fresnel reflection signals undergoing a
double optical path, the Michelson interference signal for
SPM is written as

S(t)=k\+k; cos[zcos(wt+6)+2¢+2£(1)] (10)
where the additional phase is given by

5(t)=2T’T(Azy+Azc)—%AIT (11)

The Bessel expansion of Eq.(10) is
S(t)=k\+kycos[e(1)]Jo(2)+

2k, cos[@(1)] 2, (=1)"Jn(2)cos[2n(wt+0)]—

2,sin[@(1)] X, (=1)an(2)cos[22n+1)(wi+0)] (12)

n=0
where @ (1)=2¢ (1)+2£(t) and J,,(z) is an n—order Bessel
function of the first kind

n+2m

L3

(D=2 -1y 5

= ml (nem)!
Figure 4 shows the schematic of the phase control
system, which is mainly composed of the following steps.
When S(¢) is processed by a band—pass filter with a center
frequency of 2w, the second harmonic component is
obtained
B(1)=2k,J,(z) cos[¢(t)]cos[2(wt+6)] (14)
B(?) is multiplied by the modulated signal M (¢), which is
as a fundamental carrier. Then we let the results pass a
low—pass filter to obtain the low—frequency component.
L(t)=ak,J5(z) cos[@(1)] (15)
L(t)is divided by its amplitude | L(¢) | by the peak detection
circuit. Then ¢(t) can be demodulated by the arccosine
calculation.
o(t)=arccos[L(1)/ | L()| ] (16)
To eliminate the phase diversity ¢ (t) caused by
external disturbances to zero, a DA module is used to
generate a compensation voltage
L(D)==kp_y[@(D)] (17)
where kp_y is the phase —voltage coefficient. In the phase
control system, we can control the phase shift by driving
PZT1 with the modulated signal L(#) for SPM and driving
PZT2 with the compensation signal V' () to reduce the

additional phase. In this way, the phase of interference

PCS

PZTI
M() FBC Driver
Y
S(t) H+> ’ PEAKf>| cos '
1 PD 1 DVI ¥

PZT2
N\ L b_, L Driver

BPF MUL LPF

Fig.4 Schematic of the phase control system with feedback controller
(PCS, phase control system; BPF, band —pass filter; MUL,
multiplication; LPF, low —pass filter; PEAK, peak detection
circuit; DVI, division; COS -1, arccosine calculation; P -V,

phase to voltage module)
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fringes will be well stabilized.
3 Experiment

To summarize the preceding parts, proposed system
consist of projecting a fringe pattern onto an object using a
fiber —optic interferometer and sinusoidal phase
modulation, eliminating external disturbances using the
phase control system (Sec.3), obtaining the phase using
Eq.(4), and finding surface profile using Eq.(7). To verify
our system measuring accuracy, an experiment of
measuring the surface profile of a glass plate is carried out.
Figure 1 shows the experimental setup, which mainly
consists of a He—Ne laser(JDSU 1100, output power 5 mW,
wavelength 632.8 nm), a CCD camera (OLYMPUS i-
SPEED 3, resolution 1 280 H x1 024 V), and a 3 dB
optical coupler(50 ; 50 split ratio). The SPM frequency for
PZT1 is 2 kHz. The modulation depth and the initial phase
meet the optimum SPM condition (z=2.45,60=56°). The
center frequency of BPF and the cutoff frequency of LPF
are 2 kHz and 200 Hz, respectively. Besides, the standard
PZT -8 type of material is applied to PZT1 and PZT2,
whose expansion coefficient is 210x107"> C/N.

Due to temperature fluctuation and mechanical
vibration, the phase shift always occurs. So in the
experiment, firstly the PCS is used to eliminate the
external disturbance and accomplish the work of phase
stabilization. The phase ¢ (¢) is measured for 100 times
in 10 minutes when the PCS is switched off. ¢ (1)
fluctuates as shown in Fig.5(a). The maximum phase
error is 1 642.89 mrad, and the minimum phase error is
78.53 mrad, respectively. The phase ¢(7) fluctuates with
a amplitude of 1 564.36 mrad. Then PCS operating is
made, and the phase ¢ (¢) in 10 minutes is captured
in the same way. The residual phase fluctuates from
101.76 mrad to 115.37 mrad as shown in Fig.5(b). Under
the adaptive phase control, the compensation voltage
nearly eliminates the fluctuations. However, the
fluctuation of it is about 13.61 mrad with a bias value
108.56 mrad. So the phase error is less than 6.8 mrad for

the fringe map.

1600*(8) 1642.89 mrad

1400}
1200}
21000}
E 3800}
T 6000
400}
200}

/mra

. . i i i 5 ; . 78%53 mrad
0 1 2 3 4 5 6 7 8 9 10
Time/min

126/ ®

115.37 mrad

o(t)/mrad
S
o0

101.76 mrad

90F

0 1 2 3 4 5 6 7 8 9 10
Time/min

Fig.5 Phase ¢(¢) without and with PCS working

When the feedback control voltage is given to the
PZT2, the phase of interference fringes will be stabilized in
about 0.5 ms as shown in Fig.6. By capturing the frequency
spectrum of this signal for a few minutes, it is found that the
amplitude of the first harmonic is inferior to that of the
second harmonic with the minimum value 17.43 dB and
maximum value 18.53 dB presented in Fig.7, respectively.

Then the surface profile of a glass plate can be the
measured. This system uses a high speed CCD camera
with a sampling frequency of 8 kHz to capture the time
varying fringes patterns in parallel during the four quarters
of one modulation period. A set of four images, which
have a small area of interest containing 100 pixelx100 pixel,

is shown in Fig.8.
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Fig.6 Interference single S(¢) with the feedback control
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Fig.7 Frequency spectrum of S(t)
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Fig.8 Four fringe patterns captured in one modulation period

Surface profile measurements are demonstrated with
the phase control system operating. Fig.9(a)provides the
three—dimensional surface profile of the glass plate. In the
maps, X and Y are coordinates in units of 10 wm, and Z is
the roughness in a unit of nm. In the same way, the second
measurement shown in Fig.9(b) is implemented 10 min
after the first measurement. To observe the difference in
two times profile measurements, two measuring profiles
are subtracted for each corresponding pixel as shown in

Fig.10. The root mean square error(RMSE) is 0.05 wave,

Fig.9 Surface profile of the glass plate and surface profile of the

glass plate obtained 10 min later
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Fig.10 Surface profile measuring difference between Fig.9(a) and(b)

which estimates the repeatability of these measurements.
4 Conclusion

A fiber —optic interferometer is studied based on
fringe projection and sinusoidal phase modulation for
three —dimensional surface profile measurement. In order
to clear away from the outside disturbance, a closed—loop
phase control system is built using peak detection method
and a disturbance —free performance is achieved by a
phase stability of 6.8 mrad. By measuring the surface
profile of a glass plate for twice, repeatability is estimated
as 0.05 wave. The experimental results show that the
proposed profile measuring system can be used for surface
profile measurement with a high accuracy and strong anti—
interference ability. In the future, a two —wavelength
sinusoidal phase—modulating laser wil be used as the light

source to increase the measuring range.
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