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Abstract. A volume of research has been performed on the optical surface profilometry in the field of biomedicine and the
optical system with the phase-measuring method becomes the main emphasis of the research. In this research, a brand new
fringe projection profilometry with multiple frequencies is described for measuring the biological tissue. A pork liver, as an
object, is regarded as a human organ and a DMD projector is used to generate the multi-frequency fringe patterns. The
wrapped phase maps are obtained by means of the five-step phase shifting method and calculated via a peak searching
algorithm in which the process of measuring the point on the surface of the object is independent so that the step of
unwrapping the phase can be avoided. The final results given are acceptable which confirm this method and suggest its
enormous potential for the biomedical measurements.
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1. Introduction

With the development of 3D representation technique, there is a need for accurately measuring the
shape of objects in a variety of areas. In medicine, on the basis of the 3D representation technique, the
study of complex structures such as bone structure, acetabular fractures and craniofacial abnormalities
becomes reality [1-4]. Owing to the advantages of low cost, short time, and no invasion, 3D ultrasonic
echo image is widely used in the measurement of organs. However, it cannot overcome the influence
of the gas and the skeleton. Compared with 3D ultrasonic echo image, computed tomography (CT)
provides higher accuracy, but the patient cannot be measured continuously within the radiation dose
since the X-rays required is harmful to the human organs. Magnetic Resonance Imaging (MRI) is an
alternative method for its advantage of multiple plane imaging. Nevertheless, it also brings the
drawback of higher cost, no quantitative analysis and the need for a static posture during the long
measuring time [5].

In recent years, the usage of the profilometry based on optics with no contact and large measuring
range in the field of 3D surface of biological tissues has drawn more and more attention such as the
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application of the 3D laser scanner in the soft-tissue evaluation [6]. Nevertheless, different from the
harm from the high-power light like laser on the retina, the methods on the foundation of fringe
projection have been widely discussed and applied to practice owing to their higher safety, better
performance, higher resolution and simpler operation such as the usage of the optical acquisition
system with the phase-measuring profilometry on the facial prostheses [7-9]. In a representative
system of fringe projection profilometry, the structured fringe patterns are projected on the object
using a DMD projector and the distorted fringes are recorded by a charge coupled device (CCD).
Many methods such as PMP and FTP apply to the calculation of the phase information of the fringe
pattern [10-12]. Compared with FTP, although more images are needed, the result of PMP is more
accurate since the process of filtering in FTP is avoided. The choice of the different phase shifting
techniques depends on the noise sources to be mitigated [13]. On account of the fact that the phase
map is wrapped in the range of —n-m, one of the challenges is the phase unwrapping step. The methods
such as reliability-guided phase unwrapping algorithm and fast transforms and iterative method
provide solutions to solve the problem [14, 15]. However, these methods are path-dependent and
continuous phase-required. The process of correctly unwrapping the phase will be difficult if there are
discontinuities on the object which depth is very large [16].

This present paper is aimed at describing a new method for measuring the surface of the biological
tissues. Distinguished from the conventional fringe projection profilometry adopted in the
reconstruction of the tissues, the phase information is achieved by five-step phase shifting method and
the object height is calculated by a peak searching algorithm. Since the unwrapping process is avoided
during the measurement, the new method is capable of measuring the objects with complex shapes,
which provides benefits to the skin repair or the organ regeneration.

2. Principles and methods

A typical fringe projection profilometry system usually consists of a computer, a DMD projector, a
reference plane and a CCD camera, as shown in Figure 1.

The fringe patterns with multiple frequencies generated by the computer are projected onto the
object and collected by the CCD camera after they are deformed owing to the shape of the object. The
reference plane supporting the object provides a reference height when calculating the true height of
the object.

2.1. Achieving the wrapped information on the basis of five-step phase shifting method
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Fig. 1. The layout of the fringe projection profilometry.  Fig. 2. The geometrical relationship of fringe projection
technique.



C. Jiang et al. / The application of multi-frequency fringe projection profilometry on the measurement of biological tissues ~ S397

Figure 2 illustrates the geometrical relationship of the fringe projection profilometry. Suppose that
X and Y are the horizontal and vertical directions of the reference plane respectively while h
represents the height of one point on the surface of the object and d represents the optic center distance
between the CCD and the DMD projector. D represents the position of a fringe pattern on the
reference plane in the X direction while C is the equivalent position of the same fringe pattern
reflected from the object surface. O in Figure 2 is the point which is intersected by the optics axis and
the reference plane. The deformation of the fringe patterns will appear if an object is placed in the area
of measurement. The fringe patterns on the surface of the object and the reference plane can be written
as:

O(x,y) = 1,(x, y) + M(x, y) cos[ 27 fox + @ (x, y)] 0
I(x,y)=1,(x,y)+ M(x, y)cos[27 fyx + @, (x, )] @)

Here /,(x,y) is the background intensity and M(x,y) is the modulation of the fringe, f
represents the selected frequency, ¢, is the phase influenced from the object height and ¢, is the

phase of the reference plane, O(x,y) is the fringe pattern deformed and I(x,y) is the fringe

pattern reflected from the reference plane.

During the process of adopting the multiple step phase shifting method, high-frequency noise will
emerge owing to the nonlinear response of the measuring system. The light intensity error of the
system can be written as:

dl =e,+(e,— I +e, I’ +e,I’ 3)

where e, (i=0, 1, 2, 3) is the nonlinear coefficient of the order. After the usage of the N step phase
shifting method, the relevant phase error d¢ takes the form as [17]:

2| & 67i - . 87i
d¢:—ﬁ[ﬂ2sm(3gp+7j+7251n(4¢)+7ﬂ. 4)

i=0 i=0

The parameters B and ¥ in Eq. (4) are defined as

,BZ%(fSe}IOM +e,M),

| (5)
Y= §€3M.

When N is equal to 4,

2
M-e,

dy sin(4¢).

(6)
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When N is equal or greater than 5,
dp=0. (7
Egs. (6) and (7) show that when the step of the phase shifting method is 5 or greater than 5, the
phase error derived from the nonlinear response of the measuring system can be greatly reduced.
Hence, the five-step phase shifting method is adopted to calculate the phase information of the object

as well as the reference plane. Here, for illustrative purpose it is noted that the following expressions
from five measurements of the reference plane can be formed with a 2n/5 increment of the phase.

1,(x, y) = 1, (x, y) + M(x, y) cos[27 fox + ¢, (x, y) +2?”><(i -DJ(=1,2,3,4,5) (®)

v, = 27£f0x+(p,(x,y)

Ism0 +1, sm2 + 1, s1n4 +1, sm67[+lssin—
— 5 5 5 ®)
= —arctan

1, cos— +] cos2 +1, cos4 +1, cos6 + 1 cosg—ﬁ
5 5 5 5 5

Similarly, the phase of the object can also be expressed in the same way. Then, the phase change
derived from the object height can be written as

20(X, Y) =V, —V, =¥, (X, )=V, (x, ). )

According to Figure 2, it is noted thata@(x,y) =27 foﬁ, so the height of the object can be
simplified to [18]:

AN
h(x,y)z 0 ¢(X’y)

27 f,d (10)

in which /; represents the distance between the optic center of the CCD and the reference plane.

Fig. 3. The peak-searching curve.
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2.2. Calculating the object height by peak-searching algorithm

Since the sinusoid is periodical, a peak signal will be received by simply adding the sinusoids
together and the high oscillation can be removed by taking advantage of the complex notation and the
magnitude. Thus, this function takes the form as:

S(dh):% ZeXp{{zﬂlﬂ(dh—h)}i}, (11)

k=1 0

where dh is a variable which changes in a certain range in order to search the real height of the
measured point. It can be noted from Eq. (12) that when the variable dh is equal to /%, the function
will reach its main maximum. Thus, the real height of the object can be calculated by finding the value
of variable dh corresponding to the main maximum of the function S(dh). The curve formed by

S(dh) is called the peak-searching curve which is illustrated in Figure 3.
Since the main maximum of S(dh) is periodic and iterative, the range of the measurement (free

height) is no more than the period of the peak-searching curve in order to guarantee the accuracy of
the final result. If the frequencies of the fringe pattern selected are meeting the relationship as [17]:

o = fio tm, (12)

the distance between the two highest peaks (free height) can be written as

. _ lo
FreeHeight = e (13)

From Figure 2, the resolution of the measuring system is calculated as

resolution = dsel, , (14)
/

1

where ds is the pixel size of the CCD camera used, /, is the distance between the optic center and

the target surface plane of the CCD camera and /, is the distance between the optic center of the

CCD camera and the reference plane.

As was discussed above, the height of the object could be acquired on the foundation of the methods
mentioned, in which the process of reconstructing the object is based on the phase information of the
single point and has no requirements on its surrounding points, thus avoiding the trouble of
unwrapping process and the problem of error accumulation existed in the conventional unwrapping
methods, which guarantees the measurements of the objects with large depth discontinuities.
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3. Experimental results
3.1. The comparison between the methods based on the simulated results

For the sake of explaining the advantage of the peak-searching algorithm, a step was generated in
the Matlab program in order to simulate the object with large discontinuities, as Figure 4(a) shows.
Figures 4(b) and 4(c) illustrate the result of the reconstructed shape of the step by the peak-searching
algorithm and the fast transforms and iterative method. Figure 4(d) shows the comparison between the
results of the two methods adopted. From the figures, it can be seen that, compared with the fast
transforms and iterative method, the peak-searching algorithm is more suitable for calculating the
objects with large steps.

3.2. The practical measurement on a pork liver

In this study, a DMD projector was used to generate the fringe patterns. The fringe patterns reflected
by the object were collected by a JAI GigE CCD camera which pixel size is 7.4umx7.4um. The
biological tissue was simulated by a pork liver. For the sake of meeting the demand from five-step

phase shifting method, for one frequency, since the phase shifting for each step is 2n/5, 10 images
were needed. The frequencies selected were in the range of 7/6 fringes per cm - 1.5 fringes per cm at

an interval of 1/30 fringes per cm. The parameter d in the actual measuring system is 9.023cm, /; is
70.376 cmand /; is 18.294 cm.
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Fig. 4. (a) The step simulated to be measured. (b) The result of the reconstructed shape using the peak-searching
algorithm. (c) The result of the reconstructed shape using fast transforms and iterative method. (d) The comparison
between the peak-searching algorithm and the fast transforms and iterative method.
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Fig. 5. The pork liver measured.
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Fig. 6. (a) The gray map of the reconstructed 3D shape of the liver. (b) The reconstructed 3D shape of the liver with a
hole measured. (c) The height distribution of the section marked with a red line in (a).

The pork livers measured in the experiment are displayed in Figure 5. The hole dug in the pork liver
is used to simulate the removed pathological part of the human organ. The gray map and the
reconstructed 3D shape of the measured liver are illustrated in Figure 6.

The sizes along the length, width and height of the pork liver are calibrated on the basis of Matlab
calibration toolbox which can be used to reduce the influence of the distortion and aberration (see
Figure 6(b)). From Figure 6(c), it is noted that although there is some sinusoidal fluctuation on the
surface, the cuts in the pork liver are clearly presented in the reconstructed shape. Factors like the
nonlinear response of the CCD camera and the projector should be responsible for the sinusoidal error
which may be removed by improving the resolution, correcting the gray level and increasing the
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number of the frequency used.

4. Conclusion

In this paper, a five-step phase shifting method based fringe projection profilometry with multiple
frequencies applying to the measurement of biological tissues is described. By adopting the peak
searching algorithm which independently calculates the points on the object, the phase unwrapping
process is avoided and this method is suitable to the measurement of the objects with large steps. The
final results suggest that the technique mentioned may have great potential in the field of the biology
and medical science.
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