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Abstract 

This work introduces two different optical configurations developed to inspect in a non-

invasively form biological and engineering samples. The first configuration is an interferometer with 

a minimum of optical hardware to measure in transmission mode. It is denominated as a transmission 

digital holographic interferometer (t-DHI). It is applied to retrieve the optical phase from micrometric 

size semi-transparent biological samples. Our proposed t-DHI system avoids the drawback of this 

small field of view (FOV) and problematic hardware use when compared with digital holographic 

microscopy (DHM). The t-DHI setup is used to inspect pollen grains as proof of principle to found a 

correlation between their size and the phase information. The dimensions of each pollen grain are 

validated by processing their fluorescence image obtained with the aid of a confocal microscope. 

The second configuration introduced is a dual optical set up that simultaneously uses a digital 

holographic interferometer (DHI) and a Fourier domain optical coherence tomography (FD-OCT). 

These two independent modules inspect the external and internal optical phase information of 

composite materials when they undergo a compression load during a mechanical test. The sample 

under study is a composite material of poly-methyl-methacrylate (PMMA) reinforced with metallic 

microparticles of copper (Cu). Two sets of specimens with different dimensions are analyzed to 

compare their mechanical behavior when a home-made testing machine applies a controlled 

compression load force when both modules are continuously recording. Therefore, the surface and 

internal optical phases are correlated to the same compression value to have a full 3D displacement 

measurement. 
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1. Introduction 

Some microscopy techniques, such as classical optical microscopy, can reconstruct high-

quality images. This technique has evolved in several already reported configurations such as 

confocal, phase contrast, near field scanning, bright and dark-field and polarization. Nevertheless, 

only a few of them use interferometry to retrieve the optical phase and not just the amplitude. 

Frequently, in the inspection of transparent or semi-transparent micrometric size samples, the digital 

holographic microscopy (DHM) is employed. This technique gets the phase information about the 

object under study. However, its drawback is the small field of view and the speckle noise present in 

the resulting images. Thus, a transmission digital holographic interferometer (t-DHI) is developed in 

this work, which avoids the drawback of the small field of view current in classical optical 

microscopy.  

This proposed optical configuration measures the size of microscopic pollen grains of the 

Lantana flower. The optical system can easily manipulate the magnification of the semi-transparent 

sample projected over a neutral phase screen (NPS). A collimated beam illuminates the microscopic 

object to prevent geometrical distortion. It is worth to mention that measurements obtained with this 

proposed optical configuration were validated using a standard and certified step height pattern.  

In the mechanical characterization of materials, there are well-defined tests (some invasive), 

such as magnetic resonance, acoustic emission, ultrasound, and optical techniques. In the last group, 

digital holographic interferometry (DHI) is used to inspect some samples' surface behavior when they 

are under a deformation during a mechanical test. This response expresses the total displacement 

suffered from the specimen, and it has been used to create mechanical descriptions. A similar situation 

happens with Fourier domain Optical coherence tomography (FD-OCT), but in this case, it gets the 

internal information of materials under deformation. However, it has not yet been reported an optical 

setup able to simultaneously get the external and internal data of a sample when tested during a 

mechanical test.  

An optical arrangement is introduced to inspect the internal and external mechanical response 

of a specimen simultaneously. The system uses two different optical techniques, such as FD-OCT 

and DHI (referred to as modules). The sample under study is a composite of Poly-methyl-

methacrylate (PMMA) reinforced with metallic microparticles of copper (Cu). As proof of principle, 

two different sets of samples were analyzed to compare their mechanical response. The deformation 

is for a compression load by a specific testing machine controlled simultaneously as the modules' 

recording. In this form, each recorded image and measurement is correlated with a particular 

compression value. The advantage of this proposed set up is the possibility to have complementary 

information using both sets of measurements to help identify a complex mechanical response.  
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Thanks to this full analysis of the mechanical behavior of the material under study, it opens 

the possibility to apply the set up in the biomedical field to analyze biological or hybrid samples. 
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2. Concepts 

 

2.1 Surface analysis 

The present section will briefly describe the basic theory of the main concepts on which this 

work is based. 

 

2.1.1 Optical Interference 

The interference phenomenon occurs when two or more coherent light waves are superposed 

in space and time. The resulting wave (addition) is a new one with a different or equal amplitude 

depending on the relative phase for each wave [1]. Figure 1 shows two independent waves (red lines) 

and their interference wave (black line). In Fig. 1(a), the red waves are in phase, while in Fig. 1(b), 

they have a phase shift (phase shift of π). 

 

     

(a)                                                                    (b) 

Figure 1. Interference example of two independent waves: (a) in-phase and (b) with a phase shift. 

 

Considering these two waves as: 

𝑢1(𝑥, 𝑡) = 𝐴1𝑒𝑖∅1,                                                           (1) 

 

𝑢2(𝑥, 𝑡) = 𝐴2𝑒𝑖∅2,                                                           (2) 

 

where x is the direction, t is the time, A is the amplitude, and Ø is the phase for each one. The resulting 

wave (interference) becomes: 
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𝑢 =  𝑢1 + 𝑢2,                                                           (3) 

 

𝑢 =  𝐴1𝑒𝑖∅1 + 𝐴2𝑒𝑖∅2 .                                                    (4) 

 

It is essential to mention that only the intensity is the observable quantity for an optical sensor, and it 

is the magnitude squared of the electromagnetic field: 

 

𝐼 = |𝑢|2,                                                               (5) 

 

𝐼 = |𝑢1 + 𝑢2|2.                                                         (6) 

 

Substituting Eq. (1) and Eq. (2) in Equation (6), it results 

 

𝐼 =  𝐴1
2 + 𝐴2

2 + 2𝐴1𝐴2 cos(∅1 − ∅2),                                        (7) 

 

reducing and substituting in equation 7, 

 

𝐼 =  𝐼1 + 𝐼2 + 2√𝐼1𝐼2 cos ∆∅,                                               (8) 

 

where 2√𝐼1𝐼2 cos ∆∅ is called the interference term and ΔØ is the phase difference, 

 

∆∅ =  ∅1 − ∅2.                                                              (9) 

 

The constructive interference is produced when the waves are in phase (cos ΔØ = 1), and the intensity 

reaches its maxima; meanwhile, the destructive interference is obtained when the waves are out of 

phase (cos ΔØ = -1), and the intensity reaches its minima as Eqs. (10) and (11) show.  

 

∆∅ = 2𝑛𝜋,                             𝑓𝑜𝑟   𝑛 = 0, 1, 2, 3 …                   (10) 

 

∆∅ = (2𝑛 + 1)𝜋,                 𝑓𝑜𝑟   𝑛 = 0, 1, 2, 3 …                   (11) 

 

In Fig. 2(a), it is observed a 1D interference pattern showing a maximum (white) and minimum 

(black) intensity while Fig. 2(b) shows its corresponding 2D optical interference pattern. 
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Figure 2. Cosine interference (a) profile and (b) its corresponding 2D pattern.  

 

Now, supposing that I1 = I2 in Eq. (8) 

 

𝐼 = 2𝐼1 + 2𝐼1 cos ∆∅ = 2𝐼1(1 + cos ∆∅).                                          (12) 

 

Using a trigonometric identity (2cos2(x) = 1 + cos(2x)), the Eq. (12) can be rewritten as: 

 

𝐼 =  4𝐼1𝑐𝑜𝑠2 (
∆∅

2
).                                                            (13) 

 

There are wavefront and amplitude division interferometers that produce light wave interference. The 

Young’s experiment corresponds to a wavefront division, while Michelson’s interferometer is an 

example of an amplitude division. Fig. 3 is shown a schematic view of Young’s experiment; a light 

source illuminates a screen (S1) with two slits (P1 and P2) where two spherical wavefronts emerged. 

These wavefronts interfered over a second screen S2. 
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Figure 3. Young’s experiment. 

 

By analyzing the geometrical distribution of this setup, it is possible to get a relation of the optical 

path difference and the phase difference, as Figure 4 shows. 

 

 

Figure 4. Geometrical Young’s interferometer. 

 

Using a paraxial approximation (where sin θ ≈ θ) from Fig. 4, it is possible to obtain the following 

relations: 



 
________________________________________________________________________________ 

________________________________________________________________________________ 
7 

 

 

𝜃 =   𝑦/𝑧,  𝜃 =   𝑆/𝐷,                                                  (14) 

 

where S is the optical path difference,  

 

𝑆 =   𝑦𝐷/𝑧 ,                                                              (15) 

 

and the phase difference  

∆∅ =  𝑘𝑆,                                                            (16) 

 

∆∅ =  𝑘𝑦𝐷/𝑧,                                                            (17) 

 

where k is the wavelength number (k = 2π / λ), replacing the phase difference into the Eq. (13) 

 

𝐼 =  4𝐼1𝑐𝑜𝑠2 (
𝑘𝑦𝐷

2𝑧
) =  4𝐼1𝑐𝑜𝑠2 (

𝜋𝑦𝐷

𝜆𝑧
).                                      (18) 

 

This expression helps describe the interference pattern at different distances, having a fringe 

frequency (every 2π) of the wavelength (λ, expressed in meters). 

 

2.1.2 Temporal and spatial coherence  

In a monochromatic illumination source, the interference occurs when two or more beams 

are superposed. However, most of the illumination obtained by a real illumination source is not 

entirely monochromatic. The phase and amplitude of these illuminations have some irregular 

fluctuations that decrease the coherence of these illumination sources. When the two beams are 

coming from the same illumination source, their oscillations (fluctuations) correlate. It is possible to 

say that those beams could be entirely or partially coherence depending on the coherence term. 

Nevertheless, two beams coming from different illumination sources will have fluctuations between 

them, and they are entirely uncorrelated among them. In this case, they are considered as incoherent 

beams, and interference is not observed. It is essential to mention that, in general, there is not an 

entirely coherent or incoherent illumination source. The coherence of a particular illumination source 

could be measured through its temporal and spatial coherence. Both are defined as follows: the spatial 

coherence designates the correlation between periodic waves signal from one point to another. In 
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contrast, the temporal coherence implies the phase correlation of waves at a given point in space at 

two different times. 

It is possible to say that light detection is an averaging process in space and time. In equation 8, the 

average factor is not considered here as the phase difference ΔØ is assumed to be constant in time. 

The latter means that u1 and u2 have the same single frequency. A light wave with a single frequency 

must have an infinite length (Fig. 5(a)), a feature not found in current illumination sources. Instead 

of this, a real source delivers wave trains of finite length (see Fig. 5(b)) with a random phase 

difference between individual trains. 

 

 

Figure 5. Train pulses (a) infinite and (b) finite. 

 

Michelson's interferometry could be used as an example (Fig. 6) to explain some terms related to 

coherence. 
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Figure 6. Michelson’s interferometer. 

 

In this interferometer, a beam coming from an illumination source is split into two beams (secondary 

beams) of equal phase; these beams are obtained using a beam splitter BS. Both waves travel in 

different paths (one to a fixed mirror M1 and another to a linear translation mirror M2). These waves 

are then combined in a camera detector where the interference signal appears. 

Considering two waves u1 and u2, in a fixed point over the camera sensor, they can be expressed as 

[17]: 

 

𝑢2(𝑡) = 𝑢1(𝑡 + 𝜏)  𝑜𝑟  𝑢1(𝑡) = 𝑢2(𝑡 − 𝜏),                                (19) 

 

where τ = 2d/c (the path difference introduces this time delay (τ)), d is a variable distance due to the 

position of M2, for this reason, the factor 2 in the value of τ, c is the speed of light. The superposition 

of a point is: 

 

𝑢(𝑡) = 𝑢1(𝑡) + 𝑢2(𝑡),                                                 (20) 

 

𝑢(𝑡) = 𝑢1(𝑡) + 𝑢1(𝑡 + 𝜏).                                              (21) 

 

So, the intensity is 

 

𝐼 =  〈𝑢𝑢∗〉 =  〈𝑢1𝑢1
∗〉 + 〈𝑢2𝑢2

∗〉 + 〈𝑢2𝑢1
∗〉 + 〈𝑢1𝑢2

∗〉,                           (22) 
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where < > denotes temporal average. Assuming that amplitudes are equal in the Michelson 

interferometer: 

 

𝐼 =  2𝐼1 + 2𝑅𝑒(〈𝑢1𝑢2
∗〉),                                               (23) 

 

the complex self-coherence function Γ(τ) is, 

 

Г(𝜏) = 〈𝑢1
∗𝑢1(𝑡 + 𝜏)〉 =  lim

𝑇𝑚→∞

1

𝑇𝑚
∫ 𝑢1

∗(𝑡)𝑢1(𝑡 + 𝜏)
𝑇𝑚 2⁄

−𝑇𝑚 2⁄
𝑑𝑡.                     (24) 

 

The integral denotes the intensity of a stationary wave field, and it is the limit of the short time 

intensity, which is an average of a temporal window centered in t with a width Tm. The equation (24) 

is the autocorrelation of u1(t), and the normalized quantity defines the degree of temporal coherence 

γ(τ): 

 

𝛾(𝜏) =  
Г(𝜏)

Г(0)
.                                                            (25) 

 

If Γ(0) = I1 (this assumption is real) then |𝛾(𝜏)| ≤  1, and 

 

𝐼 =  2𝐼1(1 + 𝑅𝑒(𝛾(𝜏))).                                                   (26) 

 

The latter happens in the maximum value of |Γ(τ)|. It is essential to mention that both self-coherence 

and the degree of coherence cannot be measured directly, but the contrast factor V can, as follows: 

 

𝑉 =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
,                                                        (27) 

 

𝐼𝑚𝑎𝑥 =  2𝐼1 (1 + 𝑅𝑒(𝛾(𝜏))),                                                   (28) 

 

𝐼𝑚𝑖𝑛 =  2𝐼1 (1 − 𝑅𝑒(𝛾(𝜏))).                                                   (29) 

 

Substituting Eq. (28) and Eq. (29) in Eq. (27), the contrast factor (also called visibility equation) can 

be expressed as: 
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𝑉(𝜏) = 𝑅𝑒(𝛾(𝜏)) =  |𝛾(𝜏)|.                                                        (30) 

 

The degree of coherence is related to the features of the illumination source, but considering a 

quasimonochromatic light source whose properties are the sinusoidal variation of the electromagnetic 

field for a particular time τ0. Therefore, the phase difference changes abruptly. This time τ0 is 

denominated as coherence time. The path difference between the two beams after the beam splitter 

in the Michelson interferometer should not exceed the measure called coherence length (𝑙𝐶) and this 

is expressed as: 

 

𝑙𝐶 = 𝑐𝜏𝐶 .                                                           (31) 

 

The two wave trains after the beam splitter in the Michelson interferometer have the same amplitude 

and length, but the resulting phase difference could be different from zero. It is zero when both beams 

travel the same path length. Although the original illumination fluctuates, the phase difference of the 

interferometer beams remains constant (Eq. (8)). When the phase difference is different from zero is 

when one of the two beams travels a longer path length (𝑙) but lower than the coherence length (𝑙𝐶) 

(0 < l < 𝑙𝐶). However, when the path length is longer than the coherence length (l >𝑙𝐶) there is no 

interference. The phase difference fluctuates randomly as the illumination successive wave trains are 

emitted. So, the term cos ΔØ varies randomly between -1 and 1 [3]. If many wave trains are averaged, 

the term cos ΔØ will be zero, and the intensity could be expressed as:  

 

𝐼 =  𝐼1 + 𝐼2.                                                      (32) 

 

Now, it is possible to express Eq. (8) including the degree of coherence that describes how it is 

possible to reduce the contrast in the interference pattern: 

 

𝐼 =  𝐼1 + 𝐼2 + 2√𝐼1𝐼2 |γ(τ)|cos ∆∅.                                               (33) 

 

As mentioned before, the spatial coherence describes the correlation in different parts of the same 

wave. Let's go to use Young's experiment to explain spatial coherence. By considering a punctual 

illumination source (S0), which travels to a screen with two slits S1 and S2, and whose electromagnetic 

fields are E1 and E2, respectively (see Fig. 7). 



 
________________________________________________________________________________ 

________________________________________________________________________________ 
12 

 

. 

 

Figure 7. Young’s experiment. 

 

𝐸1 = 𝐸 (𝑃, 𝑡 +
𝑟1

𝑐
) ;        𝐸2 = 𝐸 (𝑃, 𝑡 +

𝑟2

𝑐
),                                 (34) 

 

where t1 = t + r1/c and t2 = t + r2/c. If t2 = t1 + τ, the electromagnetic field can be expressed in Eq.(35). 

It is possible to define t that is the time that the first secondary light source (from S1) travels on path 

one while t + τ is the time it takes for the second secondary light source (from S2) to travel the second 

path.  

 

𝐸 = 𝐸1(𝑡) + 𝐸2(𝑡 + 𝜏),                                                (35) 

 

𝐼 =  〈𝐸𝐸∗〉,                                                         (36) 

 

𝐼 =  Г11(0) + Г22(0) + 2𝑅𝑒(Г12(𝜏)) = 𝐼1 + 𝐼2 + 𝑅𝑒(Г12(𝜏)).                (37) 

 

where Γ11(0) is the intensity I1 at S1, Γ22(0) is the intensity I2 at S2, and Γ12(τ) is the Spatio-temporal 

coherence function. In the experiment, the fringe pattern gives information about the likeness of 

waves E1 and E2 (slits S1 and S2) without a time shift. The spatial coherence function (Γ12(τ)) helps 

to express this similarity. 

 

Г12(0) =  〈𝐸1(𝑡) + 𝐸2(𝑡)〉.                                            (38) 
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The Eq. (37) can be rewritten as: 

 

 𝐼 =  𝐼0 [1 + 𝑅𝑒 (
Г12(𝜏)

Г11(0)+Г22(0)
)],                                         (39) 

 

𝛾12(𝜏) =
Г12(𝜏)

Г11(0)+Г22(0)
.                                                (40) 

 

Substituting Eq. (40) in Eq. (39), the intensity is: 

 

𝐼 =  𝐼0[1 + 𝑅𝑒(𝛾12(𝜏)),                                              (41) 

 

and the contrast  

 

𝑉 = 𝑅𝑒(𝛾12(𝜏)).                                                    (42) 

 

 

2.1.3 Speckle pattern interferometry (SPI) 

The speckle phenomenon occurs when a beam illuminates an object's surface, and its 

roughness produces dark and bright speckles or dots. 

 

 

Figure 8. Surface illuminated by a light source that produces speckles. 

 

The speckles result from the light scattered over the surface’s points when they are within the range 

of the illumination wavelength (roughness > λ). The speckle appears when the surface’s roughness is 
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within the size of the illumination wavelength (λ). So, the intensity of the scattered light randomly 

fluctuates in space, and then dark and bright points appear. There are two types of speckles: subjective 

and objective. The objective speckle is formed over a screen place at a distance z from the surface 

illuminated. Here, there is no forming image system between the surface and the screen (see Fig. 9a). 

The speckle size can be calculated using the spatial frequency equation [3]: 

 

𝑓𝑚𝑎𝑥 =  
2

𝜆
𝑠𝑖𝑛 (

𝜃𝑚𝑎𝑥

2
) ≈

𝐿

𝜆𝑧
 ,                                                  (43) 

 

where 𝜃𝑚𝑎𝑥 is the diffraction angle, λ is the wavelength of the light source, and L is the cross-section 

illuminated by a light source (e.g., laser). Then, the reciprocal of the spatial frequency is the 

measurement of the speckle’s size (ρ). 

 

𝜌 ≈
𝜆𝑧

𝐿
.                                                              (44) 

 

On the other hand, the subjective speckle is produced if the illuminated surface is focused on a 

forming image system (i.e., a lens or the human eye) in a suitable medium such as CCD or a retina 

for the case of the human eye (Fig. 9b).  

 

(a)                                                                  (b) 

Figure 9. Speckle: (a) objective and (b) subjective where f is the focal length, and a is the lens 

aperture. 

 

In this case, the spatial frequency and the ρ are expressed as:  

 

𝑓𝑚𝑎𝑥 =  
2

𝜆
𝑠𝑖𝑛 (

𝜃𝑚𝑎𝑥

2
) ≈

𝑎

𝜆𝑓
,                                                  (45) 
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𝜌 ≈
𝜆𝑓

𝑎
.                                                              (46) 

 

As shown in equation 46, the aperture (a) of the optical system determines the speckle size at the 

screen or sensor. 

The electronic speckle pattern interferometry (ESPI), also called digital speckle pattern 

interferometry (DSPI), is an optical technique based on the speckle phenomenon that uses laser light 

to illuminate a particular object whose surface is optically rough. DSPI can detect the displacement 

or deformation from a sample under study. This optical technique could be set in the out-of-plane 

(Fig. 10b) or in-plane (Fig. 10a) configuration. 

The DSPI in-plane configuration shown in Fig. 10(a) has a laser beam divided by a beam splitter. 

Both waves illuminate the object, and the backscattering light is collected in the camera sensor. This 

type of optical arrangement retrieves the sensitivity in one direction, aligned with the resulting plane 

of the beam directions. Later, in Fig. 10(b), an out-of-plane DSPI, in which a laser beam is divided, 

generating a reference and object beam is presented. The object beam illuminates the sample, and the 

backscattering of the object is combined with the reference beam using a beam combiner, and then, 

both beams are sent to the camera sensor. This configuration has a sensitivity perpendicular to the 

object’s surface due to the illumination direction with respect to the observation direction. 

 

With any type of configuration, it is necessary to match the path lengths of the object and reference 

beams within the coherence length lC of the illumination source (lC  ~ 𝜆/𝛥𝜆, where 𝜆 is the center 

wavelength, and 𝛥𝜆 is the bandwidth) to observe interference fringes [2]. Besides, in DSPI, as the 

amplitude is registered directly by the camera, it is necessary to use a phase method to retrieve the 

optical phase. A common practice is to use the phase stepping method, which requires a piezo driver 

in one of the beams (reference in the out of plane one) to introduce a controlled phase shift that helps 

retrieve the relative phase difference. There are techniques with 3, 4, 5, and more phase shifts or phase 

stepping for these tasks [4]. Another form uses the spatial phase-shifting method where a spatial 

carrier is introduced to modulate the phase and retrieve the optical phase [5, 6] (all these methods 

require several images during the process to obtain it). In the following section, an alternative that 

uses only one image is also described. 
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(a) 

 

(b) 

Figure 10. Digital speckle pattern interferometers: (a) In-plane and (b) out-of-plane. 

 

2.1.4 Spatial frequency carrier 

It is a method that analyzes a single interferogram image. This spatial carrier technique uses 

the Fourier transform [7] method to retrieve the optical phase information of a single interferogram. 

This phase retrieval is widely used in speckle interferometry using digital holographic interferometry 

(DHI). Here, the camera sensor registers the interference intensity signal I (x, y), expressed as: 

 

𝐼(𝑥, 𝑦) = 𝑎(𝑥, 𝑦) + 𝑏(𝑥, 𝑦) cos[∆𝜙(𝑥, 𝑦)],                                (47) 

 

(x, y) denotes the 2D pixel coordinates; meanwhile, a(x, y) and b(x, y) are the background signal and 

the modulation factor, respectively, while ∆𝜙 is the phase difference. Fig. 11(a) is presented as an 

image hologram. Now, the complex exponential notation is used to rewrite the intensity shown in Eq. 

(48).   
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𝐼(𝑥, 𝑦) = 𝑎(𝑥, 𝑦) + 𝑐(𝑥, 𝑦) + 𝑐∗(𝑥, 𝑦),                                     (48) 

 

𝑐(𝑥, 𝑦) =
1

2
𝑏(𝑥, 𝑦)𝑒𝑖∆𝜑(𝑥,𝑦),                                             (49) 

 

where * is used to represent the complex conjugate term, after that, it is necessary to apply the Fourier 

transform to obtain: 

 

𝐹𝑇{𝐼(𝑥, 𝑦)} = 𝐴(𝑢, 𝑣) + 𝐶(𝑢 − 𝑓, 𝑣) + 𝐶∗(𝑢 + 𝑓, 𝑣).                                 (50) 

 

Here, the terms (u, v) are the coordinates in the frequency domain, and A is the DC term with the low-

frequency variations and the background noise signal. In Fig. 11(b), two side lobes or components 

are visualized, and the DC term is placed in the central part of the image or spectrum. Only one lobe 

is necessary to get the information to recover the phase. Thus, a bandpass filter in the spatial frequency 

domain is applied (removes the complex conjugate term). The bandpass filter is presented in Fig. 

12(a), and the component filtered C (u, v) is shown in Figure 12(b). Then, the element filtered is 

moved to the center, and an inverse Fourier transform is applied to recover the phase information. 

 

  

(a)                                                                   (b) 

Figure 11. Image hologram (a) Original and (b) its Fourier spectrum. 
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(a)                                                                   (b) 

Figure 12. Bandpass filter (a) mask and (b) Spectrum filtered. The fx and fy terms on the axes 

represent the u and v frequency, respectively.  

 

2.1.5 Digital holographic interferometry 

DHI is an optical technique of two beams and two states that uses a reference beam and an 

object beam overlapped on an image hologram recorded simultaneously. Two holograms are required 

to recover the optical phase difference (Δφ), one before, and one after the object undergoes a 

deformation. In a DHI arrangement, the holograms are registered with a camera’s sensor. The whole 

process mentioned in the previous section is valid in DHI to recover the optical phase information 

[17]. This phase is expressed as, 

 

∆𝜑 = 𝑎𝑡𝑎𝑛 [
𝑅𝑒(𝐶𝑅)𝐼𝑚(𝐶𝑂)−𝐼𝑚(𝐶𝑅)𝑅𝑒(𝐶𝑂)

𝐼𝑚(𝐶𝑅)𝐼𝑚(𝐶𝑂)+𝑅𝑒(𝐶𝑅)𝑅𝑒(𝐶𝑂)
],                                        (51) 

 

where Re and Im are the real and imaginary parts of the complex values of the inverse transform of 

the reference (CR) and deformed (CO) holograms when both have been filtered, equation (51) obtains 

the wrapped phase Δφ, which needs to be unwrapped. For this purpose, exists several algorithms 

dedicated to unwrapping the wrapped phase maps. The result is a smooth optical phase Δφ’ that is 

used to calculate the displacement map. In particular, for an out of plane configuration, this 

displacement (w) is retrieved using: 

 

Δ𝜑′  =
2𝜋

𝜆
 (1 + 𝑐𝑜𝑠𝜃)𝑤.                                                       (52) 
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Here, λ is the wavelength used in the optical system, and θ is the illumination angle between the 

observation and the illumination directions. 

 
2.1.6 Transmission digital holographic interferometry (t-DHI) 

It has been necessary to develop microscopy systems able to inspect the micrometric world. 

Some of them have been developed to improve their characteristics and allow better results in specific 

research. In particular, optical microscopy has had rapid growth in its techniques and fundamental 

principles. It helps to study several biological processes on cells and tissues. High-resolution optical 

microscopy methodologies are divided as surface methods and three-dimensional methods [8]. 

Surface methods include techniques such as total internal reflection fluorescence (TIRF), near-field 

scanning optical microscopy (NSOM), and surface plasmon resonance (SPR). 3D methods are 

grouped in: 

 

• Reversible saturation. 

• Non-linear (multiphoton, second harmonic generation-SHG, two and three-photon, and 

coherent anti-stokes Raman spectroscopy-CARS). 

• Deconvolution method (stimulated emission depletion microscope-STED, harmonic 

excitation light microscopy-HELM, and others). 

• Confocal method 

• Interference method (i.e., apotome, structure illumination microscopy-SIM, spatial light 

interference microscopy-SLIM, image interference microscopy) [9]. 

 

These techniques seek to enhance image quality. Within the interferometry group, holography has 

increased its application in microscopy [10-16]. Examples of the latter are DHI, digital holography 

(DH), and DHM. All of them have been successfully applied for the characterization of tissues and 

biological samples. 

Perhaps the main advantage of using holography is the content of encrypted information within the 

hologram. With hologram processing, it is possible to retrieve the amplitude and phase of the 

deformed wavefront from the sample; propagating the reflected/transmitted sample’s wavefront back 

or forward. The optical phase is used to measure some physical properties such as deformation, stress, 

strain [17]. Quantitative phase imaging (QPI), which involves several techniques, is now a more 

active field of a study quantifying cell-induced shifts from the optical path length differences [18]. 

DHM has been used in the characterization of microscopic biological samples. For example, the 

dynamic study of live cells [19, 20], the recovery of amplitude images of living neurons in culture 
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[21]; calculate the refractive index and cellular thickness of mouse cortical neuron cultures [22]; show 

images of human sperm heads [23]; reconstruct human red blood cells and pancreas tumor cells [24]; 

and found images of mouse embryo fibroblast cells [25]. 

DHM creates a non-focused object that appears as being diffracted in the image hologram, an issue 

that affects the information of an otherwise focused object image [26]. This experimental condition 

limits DHM applications to only tiny samples that deal with its short working distance and limited 

field of observation (due to the imaging lens) [27]. It is in this scenario where the t-DHI concept is 

introduced to have the advantages of DHM with the hardware simplicity of DHI, which will be 

described in the following lines. 

A DHI system, for in-plane or out of plane configuration, operates in reflection mode (Fig. 13 shows 

an example of the second case), ergo, the sample is illuminated, and a camera sensor collects its 

backscattering. However, making a change in the object beam could be work in transmission mode 

to analyze transparent or semi-transparent samples (Fig. 14). So, applying the changes, a transmission 

digital holographic interferometer is made, which was first used to detect optical phase changes in 

liquids [28].  

 

 

Figure 13. Classical out of plane DHI system. 

 

Analyzing the t-DHI system in Fig. 14, the magnification is achieved with the distance between the 

optical fiber output (OF2) and the sample. This relation modifies the size projection over the neutral 

phase screen (NPS). 
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Figure 14. t-DHI system. 

 

However, as this is only a geometrical magnification, there is a limit in it. Then, this optical setup 

was modified to improve this issue and prevent the introduction of diffraction effects. In the 

configuration shown in Fig. 15, the object is now illuminated with a collimated beam (using a lens 

(CL)), and a microscope objective (MO) magnifies this beam on the NPS. As in the previous setup, 

the backscattering of the NPS is collected by the camera sensor. The controlled magnification is then 

possible by varying the distance between the microscope objective and the NPS. 

 

.  

Figure 15. A t-DHI system with variable magnification. 

 

As the t-DHI set up uses as object the projection over the NPS, the retrieved optical phase cannot be 

directly correlated with the previous relations for phase and displacement (Eq. 52). Thus, it is required 

to analyze the interaction of the object and the illumination beam that is a plane wavefront. The optical 

phase is then transformed to be related to a displacement map (wt) by the next relation, 
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∆𝜑′  =
2𝜋

𝜆
 𝑆𝑡𝑤𝑡 ,                                                     (53) 

 

where St is a constant that depends on the sensitivity vector of the experimental conditions, it includes 

the angle between the observation and the illumination direction. 

 

2.2. Internal analysis 

A brief description of the surface inspection was presented, but some optical techniques can 

inspect the samples' internal information. These optical setups commonly use low coherence length 

sources, i.e., optical coherence tomography (OCT), based on low coherence interferometry (LCI). 

 

2.2.1 Low coherence length sources 

This illumination source has the characteristic of a short coherence length; this could affect 

the optical path difference (OPD). However, an advantage of these is a generation of less speckle 

noise. Examples of these sources are laser and super-luminescent diodes (SLD); the last ones operate 

in the infrared range. 

 

2.2.2 Low coherence interferometry (LCI) 

As mentioned before, an interferometer is necessary to match the path lengths of the reference 

and object beams within the coherence length lC of the source to observe interference fringes. In 

contrast to classical interferometry, LCI measures absolute distances. Low coherence interferometry 

is a non-invasive and non-destructive optical technique based on the existence of fringes if the optical 

path lengths (OPL) of the sample and reference beams match within the coherence length (lC): 

 

𝑙𝑐 =
2 ln 2

𝜋

𝜆̅2

∆𝜆
 ,                                                           (54) 

 

where 𝜆̅ is the mean wavelength, and Δλ is the spectral width (Gaussian spectrum assumed). There 

are two types of LCI: frequency domain and time domain. In both cases, it is used a low coherence 

light source (such as a super-luminescent diode (SLD) or light-emitting diode (LED)) whose light is 

directed to a fiber optic coupler which divides the beam in two, one to a reference mirror and other 

to an object. The combined signal (interference) from both beams is then recorded in a sensor (see 

Fig. 16). 
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Figure 16. All fiber LCI set up general representation. 

 

2.2.3 Optical coherence tomography 

OCT is a non-destructive and non-invasive optical technique based on low coherence 

interferometry. Mainly, this technique is used to inspect the internal information of scatter material. 

The result is a cross-sectional image from the internal structure of the sample. Depending on the 

configuration, OCT can be divided into time-domain optical coherence tomography (TD-OCT), 

Fourier domain optical coherence tomography (FD-OCT), and quantum OCT. TD-OCT applies the 

combination of a mechanical scanning mirror in the reference arm and a broadband source. 

Meanwhile, the FD-OCT can be divided into swept-source optical coherence tomography (SS-OCT) 

and spectral-domain optical coherence tomography (SD-OCT). SS-OCT configuration has a fixed 

reference arm and a scanning light source that send a wavelength once in time (see Fig. 17) while 

SD-OCT has a fixed arm and a broadband light source with and spectrometer (Fig. 18). In this work, 

the SD-OCT configuration will be used due to the simplicity of avoiding the scanning devices 

(scanning mirror) and its synchronizations.   

 

 

Figure 17. SS-OCT schematic. 

 

2.2.4 Spectral-domain optical coherence tomography 

SD-OCT can obtain the tomographic signal of the sample, but also, there is the possibility to 

retrieve the optical phase information [29]. In this optical system is used a Michelson’s interferometer 
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that counts with an object and reference beam, both beams are directed through a spectrometer (see 

Fig.18). The spectrometer function is to split all wavelengths. In Eq. (55) is shown the intensity of 

the interference signal: 

 

𝐼(𝛥𝜆, 𝑦) = ∑ 2√𝐼𝑅(𝛥𝜆, 𝑦)𝐼𝑂(𝛥𝜆, 𝑦) cos(𝜉(𝛥𝜆, 𝑦)),
𝜆𝑚𝑎𝑥
𝛥𝜆=𝜆𝑚𝑖𝑛

                             (55) 

 

where IR and IO are the intensities of the reference and the object arms, respectively, ξ is the phase or 

interference term, and λ is the wavelength (within the broadband range min-max).  

 

 

Figure 18. SD-OCT configuration, L1, L2, and L3 are lens; BS is the beam splitter, SLD is the 

illumination source, and C is the collimation lens. 

 

According to the optical setup's hardware elements, SD-OCT can illuminate the sample under study 

in a point (also known as A-Scan) or a line (B-Scan) form. When the object beam illuminates as a 

point over the sample, it requires a galvanometer system to scan several A-scans to construct a B-

Scan (2D image). However, if the SD-OCT illuminates the specimen in a line (single-shot mode), it 

uses a cylindrical lens. Any of these configurations can retrieve the optical phase of the sample due 

to the help of the spectrometer.  

As the line illumination is proposed for this work, the inspection direction is aligned with the y-axis 

where is the interest region. However, an image before (Iref) and after (Imod) the deformation is 

necessary as this is a two-stage technique. Both images are needed to retrieve the OCT optical phase 

map with: 
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∆𝜑𝑂𝐶𝑇(𝑧) = 𝑎𝑡𝑎𝑛 (
𝑅𝑒{𝐼𝑟𝑒𝑓(𝑧)}𝐼𝑚{𝐼𝑚𝑜𝑑(𝑧)}−𝐼𝑚{𝐼𝑟𝑒𝑓(𝑧)}𝑅𝑒{𝐼𝑚𝑜𝑑(𝑧)}

𝐼𝑚{𝐼𝑟𝑒𝑓(𝑧)}𝑅𝑒{𝐼𝑚𝑜𝑑(𝑧)}+𝑅𝑒{𝐼𝑟𝑒𝑓(𝑧)}𝐼𝑚{𝐼𝑚𝑜𝑑(𝑧)}
).                (56) 

 

The wrapped optical phase map ΔφOCT (z) has values between -π and π represented as black and white 

gray levels, respectively. Later, an unwrapping algorithm is necessary to get a smooth optical phase. 

The unwrapped phase map (Δφ’) is related to a relative displacement map in the z-axis (w) utilizing 

the following expression: 

 

𝑤 =
𝜆𝐶

2𝜋
(1 + cos 𝜃)∆𝜑′,                                                     (57) 

 

where λC is the central wavelength, and θ is the illumination angle between the observation and the 

illumination directions for each case. 
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3. Experimental procedure 

 

In this section, the experimental procedure for two different optical configurations are 

described; for this reason, they are presented as part 1 and part 2. 

 

3.1 Part 1 (t-DHI with controlled magnification) 

In this work, an optical system is introduced based in an out of plane digital holographic 

interferometer set in transmission mode [28], i.e., the classical optical setup is modified such that 

micro-sized samples may be inspected without the DHM drawbacks. Besides, the object's 

illumination and sample are not located in front of the camera, which avoids the sensor's saturation 

(produced in DHM). So, the object arm is changed to prevent geometrical distortions when the sample 

under study is magnified. This configuration allows us to have larger magnification ratios reducing 

the spherical wavefront noise introduced in the microscopic images. The latter avoids the limitations 

of the working distance and field of view. 

The interferometric measurements are validated using a standard precision step displacement 

specimen with certified dimensions. This validation was also used to prove the cancellation of the 

spherical wavefront contribution in the optical phase maps. As proof of principle, biological samples 

whose size is characterized with a commercial confocal microscope are inspected with the proposed 

transmission DHI system (t-DHI) to relate the phase information with the data obtained from the 

confocal microscope. The image processing from both systems (confocal microscope and t-DHI) is 

presented and described before results are obtained, compared, and discussed. 

 

3.1.1 Optical set up 

The schematic view of the controlled magnification t-DHI system is presented in Fig. 19, 

where the illumination source is a Verdi laser at 532 nm with an output power of 200 mW. The laser 

beam is divided into the reference (RB) and object (OB) beams employing an 80:20 non-polarizing 

beam splitter (BS), and the reference angle is 15 degrees. Each beam is introduced into a single-mode 

optical fiber using a spatial filter on a mechanical rig. The object beam coming from the output of the 

optical fiber is expanded, so a lens (CL) is used to collimate it. After this collimated beam travels 

through the sample and an infinite corrected microscope objective (µObj) expands it toward a neutral 

phase screen (NPS), it creates a controlled geometrical magnification. The NPS is sturdy enough to 

avoid introducing any spurious optical phase variation during the tests [28]. 
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Figure 19. Schematic view of the t-DHI system. 

 

The magnification variation is obtained with the relative distance between the optical fiber output and 

the sample position, having a size projection over the NPS with the same 20X microscope objective 

[28], as shown in Fig. 20(a). But, the new configuration in Fig. 19 avoids the introduction of 

diffraction effects, also removing the spherical distortion. In this new setup, the variable 

magnification of the object is possible by modifying the distance between the microscope objective 

and the NPS as it is illuminated with a collimated beam. Fig. 20(b) and Fig. 20(c) are shown a 

comparison of these two forms of magnification. It is important to note that in Fig. 20(c), a tilting 

plane profile is more evident than in Fig. 20(b) due to the collimation. The tilting profile is present 

because the illuminated sample does not have parallel surfaces. 

The magnified object's projection over the NPS is focused on the camera sensor by a lens (L) 

combined with an aperture (A). The light coming from the reference beam is sent to a 50:50 non-

polarizing beam combiner (BC), where it directed and further overlapped on the camera sensor with 

the backscattered light from NPS. This interference pattern is recorded with an sCMOS sensor (PCO 

EDGE) with 2560 x 2160 pixels working at a dynamic range of 12 bits. The camera is recording an 

area over the NPS of 160 x 135 mm. 
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Figure 20. (a) Example of three different FOV using the variable magnification and keeping the 

same camera's resolution retrieved wrapped phase map for a standard calibration pattern, using 

either the (b) geometrical [28]; or the (c) controlled magnification (Fig. 19) setups. 

 

 

3.1.2 Validation 

For validation purposes, a precision displacement specimen (model EMD-09000W3) from 

Federal Products Corporation is used, with a step or height of 5.03 µm and an accuracy of ± 0.127 

µm as Fig. 21(a) shows. The standard calibration pattern was placed in the object arm of the t-DHI 

system shown in Fig. 19, and the optical phase map of the pattern is presented in Fig. 21(b). The 

optical phase profile for a linear section (red line in Fig. 21(b)) is shown in Fig. 21(c): it is possible 

to observe the step and the expected speckle-noise added. With these results, it is possible to validate 

the measurements and the controlled magnification of the proposed optical system. 
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Figure 21. Standard calibration pattern, (a) schematic, (b) unwrap phase map, and (c) profile of the 

step. 

 

3.1.3 Biological sample 

The microbiological samples used are pollen grains from the Lantana flower [30-33], selected 

due to their simplicity to be characterized in a well-established microscopic technique such as the 

confocal microscopy. Prepared pollen grain samples are commonly used in multiphoton microscopy 

and are imaged in confocal microscopy: this is the reason to use them in this t-DHI system for 

comparison purposes. In appendix A presents both the type of flower used and how the sample under 

study was prepared. The example utilized in this work is referred to as the pollen fixation arrangement 

(PFA), see Fig. 22.  
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Figure 22. Pollen fixation arrangement. 

 

Several PFAs were made to obtain the information of the specific region of each PFA. 

 

3.2 Part 2 (Simultaneous inspection DHI+OCT) 

Engineering materials could be mainly classified into metals, ceramics, polymers, and carbon, 

but some applications require particular properties that are impossible to achieve individually. When 

two or more different materials are combined, a composite material is obtained, which has a different 

mechanical response than its raw materials [34]. Composites materials have a base material called 

matrix mixed with a reinforcement [35]. These reinforcements could be particles [36, 37] or fibers 

[38] embedded in the matrix. It is essential to mention that composite materials' use is continuously 

growing due to the need to have particular features. The aeronautics industry requires light and 

resistant materials to improve fuel consumption, among other desired features [39,40]. A similar case 

is found in materials based on cement, which are mixed with carbon nanotubes (CNTs) or carbon 

nanofibers (CNFs) to improve their properties within the construction industry [41]. 

There are several well-established tests to characterize a material mechanically. Some tests have a 

certain degree of invasiveness; however, the introduction of the non-destructive testing simplifies and 

avoids damage to the object under study. Some examples are magnetic resonance, acoustic emission, 

ultrasound, optical techniques [42-44]. Especially, the optical non-destructive testing methods allow 

high-resolution information of the sample in a remote and non-invasive way [45]. For non-destructive 

internal inspections, the optical coherence tomography (OCT) could be used. It gives cross-sectional 

images of the material's internal structure, taking advantage of the low–scattering property. This 

technique was first devoted to inspecting optical fibers [46], but after that, it was quickly applied in 

ophthalmology [47, 48] to obtain corneal and retina images [49]. Its current application is found in 

dermatology [50,51], dentistry [52,53], cardiology [54, 55], art [56], materials science [57], 

mechanical testing [58, 59], among others. It is important to mention that OCT has been used to obtain 
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the mechanical behavior of materials during tests of tensile strength and fracture [38, 60], crack 

formation [61], deformation [62], homogeneity [63]. Tomographic images from OCT help to analyze 

the internal microstructure of the samples under study. According to its configuration to acquire the 

interference signal, OCT could be divided into Spectral-domain OCT (SOCT), time-domain OCT 

(TD-OCT), and quantum OCT. For SOCT, when the method to retrieve the spectral signal is the 

Fourier transform, it is known as Fourier domain OCT (FD-OCT), which has the advantage of 

registering a tomographic image (B-scan) in a single shot without scanning devices. FD-OCT can 

retrieve not only the tomographic signal but also the optical phase information [64]. 

On the other hand, for non-destructive surface inspections is the ESPI (also known as DSPI). DSPI's 

optical phase information retrieval can be carried out with two different methods: one of them uses a 

phase-shifting (PS-DSPI). The other uses a spatial carrier, and an image hologram is obtained, and it 

is referred to as digital holographic interferometry (DHI). DHI's surface information could give the 

mechanical response of a material: strain, residual stress, displacement, stiffness, and many more [65-

68]. 

As it was mentioned before, each technique could give information regarding the mechanical 

response of the object. Thus, in this work, DHI and FD-OCT are simultaneously applied to inspect a 

composite specimen during a controlled mechanical test. In mechanical characterization [69] 

typically involves several tests such as compressive strength, tensile strength, impact resistance, 

fracture toughness, fatigue [70, 71]. The compression test indicates the material's response to crushing 

and its reaction to the applied force. However, during the test, the sample may suffer bending 

previously to its failure. The bending is prevented using short and thick specimens, and commonly, a 

testing machine is used to perform this compression in a controlled way. It is possible to have tests 

of break stress, compressibility and recovery, compressive hardness, compressive deformation, 

compressive strength, ultimate compressive strength, and others [72, 73]. 

In this work, the sample under study is a composite material based on a matrix of PMMA reinforced 

with metallic microparticles of copper (Cu) is tested for compressive deformation. Composite 

specimens with a rectangular prism shape (see Fig. 23) were compressed through a home-made 

compression testing machine (CTM). High repeatability and a smooth load application are achieved 

due to the CTM control system (see Appendix B). The latter is a critical condition required to match 

with the high resolution of DHI and FD-OCT. Results show a correlation between the internal and 

the surface deformation response of the material.  

The composite material is analyzed in the 𝒙𝒚 plane (surface inspection) with the DHI system (blue 

blocks), while a B-scan in the 𝒚𝒛 plane (internal inspection) is observed with the FD-OCT system 

(green blocks). Also, a common region seen by both techniques is shown (yellow blocks).  
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Figure 23. Schematic view of a composite specimen indicating the inspected regions. 

 

As the compression test is inspected with two optical techniques, a dual configuration is used for this 

optical set up (this implies two different setups sharing a reduced space). In Fig. 24 presents the final 

layout, consisting of an FD-OCT at the same sample's level and the DHI on top of the OCT system. 

 

 

Figure 24. General schematic view of the dual inspection system with the DHI and FD-OCT 

modules. 

 

The detailed optical diagrams for the DHI and FD-OCT systems are presented in Fig. 25 and Fig. 26, 

respectively. The DHI module uses a solid-state laser at 532 nm with a variable output power set at 

50 mW due to the small specimen's size. This laser beam is divided into the object (of_obj) and the 

reference (of_ref) arms, which travel through single-mode optical fibers. The reference beam is 

directed in front of a beam combiner (BC), illuminating the camera's sensor (Camera). The object 

beam illuminates the composite specimen with an angle of 15°. The sample's backscattering is 
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collected using a lens (L) and aperture (A), which combines this backscattering with the reference 

beam at the camera. The CMOS camera has 1280 x 960 pixels at 10 bits, which registers the entire 

PMMA sample. 

Meanwhile, the FD-OCT module is configured to acquire a B-scan in a single shot and uses a super-

luminescent diode centered at 840 nm with broadband of 50 nm and 15mW the illumination source. 

This infrared broadband source is launched with the DHI's laser to a 2×2 optical coupler (OC) for 

alignment purposes. One coupler output port is blocked while (B) the second one is collimated and 

divided into the reference and the object arms utilizing a beam splitter (BS2). The reference beam is 

reflected by a gold-coated mirror and then is redirected to a reflection diffraction grating (G). 

 

 

Figure 25. Detailed schematic view of the DHI system, BS is a beam splitter. 

 

 

 

Figure 26. Detailed schematic view of the FD-OCT system. 

 

The composite specimen is illuminated with a lens (L1), and its backscattering is diffracted together 

with the reference beam to be focused on the second camera’s sensor using a lens (L2). The grating 
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has 1200 l/mm, and the camera's sensor has 1280 x 1024 pixels at 10 bits, which registers the entire 

SLD signal. Both FD-OCT and DHI systems are aligned precisely to the same object's distance to 

have well-focused the PMMA sample, as Fig. 27(a) shows. In Fig. 27(b) is presented a composite 

specimen undergoing a compression force so that this material suffers a plastic deformation.  

 

 

Figure 27. Experimental images showing a specimen (a) illuminated during a compression test and 

(b) close up showing a plastic deformation. 
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4. Results 

 

4.1 Part 1 (Transmission digital holographic interferometry) 

Each PFA was placed in the object beam's path, and several image holograms were recorded 

for an extended time. When these holograms were processed, it was confirmed that the motion of the 

solution introduced any optical phase. Besides, this process also helps as a repeatability test for 

different PFAs where selected regions are inspected. The PFA's observed areas were labeled to 

compare the interferometric signal with the information obtained from a Zeiss model LSM 710-NLO 

confocal/multiphoton microscope. 

The confocal microscope measures each pollen size of the selected PFA's regions using a 10X 

microscope objective in an image with a dimension of 860 x 860 µm (whose total magnification is 

approximately 100x). This confocal microscope can generate transmission, fluorescence, and 

compound (sum of the transmission and fluorescence images). Then, the resulting confocal 

measurements are compared with the optical phase information (t-DHI) using a home-made algorithm 

that matches the observed regions between both techniques. Four different samples are presented in 

this section: PFA_a, PFA_b, PFA_c, and PFA_d. Figures 28(a) and 28(b) show the fluorescence 

confocal microscope image and the t-DHI image (unwrapped phase map), respectively, for the PFA_a 

sample. The unwrapped phase map is obtained using a minimum- cost-matching algorithm named 

PV_SPUA2 from Phase Vision. 

 

 

Figure 28. Images for a PFA_a sample: (a) confocal and (b) t-DHI. Please note that t-DHI has a 

larger field of view. 

 

In this PFA_a, there are fifteen pollen grains, but in the confocal image, only eight pollen grains are 

sharply focused; the others are unfocused (red marks). For this reason, in this sample, only the 
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numbered pollen grains were analyzed. By means of the unwrapped phase map, it is possible to get 

the intensity phase value for each pollen grain, while with the confocal image, it is possible to obtain 

its dimensions. Fig. 28(a) shows that pollen 8 is the largest of all and that pollen grains do not have 

the same geometry, ergo, some are elliptical, circular, triangular, or some have other irregular forms 

indeed. Thus, it is necessary to obtain the area of each pollen grain instead of merely its 𝑥 and 𝑦 

dimensions. The area (confocal microscope) and optical phase intensity (t-DHI) measurements for 

every pollen grain are calculated and presented as bars in Fig. 29. To process the confocal image, a 

digital image processing algorithm to obtain the perimeter of every pollen grain was made. The later 

helps to calculate a pixel area to convert in an area (m2). Then, the optical phase intensity is retrieved 

using the unwrapped phase map, and an algorithm averages a neighborhood around each pollen's 

maximum phase value. In this manner, it is possible to corroborate that the pollen grain 8 has a more 

considerable intensity value and the greater area. At the same time, the element 7 is the smaller in the 

area and intensity value. 

 

Figure 29. Optical phase intensity and area for every pollen grain of Fig. 28. 

 

Once the hypothesis of size and phase correlation was confirmed, new PFAs are inspected where 

different sample conditions are analyzed. Next, samples PFA_b, PFA_c, and PFA_d were measured. 

Fig. 30(a) and Fig. 30(b) are observed the confocal and t-DHI images from the PFA_b sample, 

respectively. This PFA shows four different cases of samples' distribution, as described in Table 1. 

The confocal transmission image and the processed optical phase map image are shown in Fig. 31. In 

this sample, particle 6 has the maximum intensity phase due to the addition of two pollen grains, 

which one of them has an irregular form, and it produces an overlapping in the phase map of the t-

DHI image as Fig. 31(b) shows. This intensity value is considerably increased due to the sum of each 

pollen grain's intensities, a feature shown in Fig. 31(c). 
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Table 1. Conditions observed in PFA_b 

The situation between two 

pollen grains 

Pollen grains 

involved 

Large separation 1 and 5 

Regular separation 3 and 4 

Short separation 2 and 3 

Nearly overlapped 6* 

 

 

Figure 30. Sample from PFA_b showing an overlapping case (indicated by *): (a) Fluorescence 

image and (b) unwrapped optical phase map. 

 

From Fig. 31(c), it is possible to observe the two peaks corresponding to each pollen grain of particle 

6, with the phase intensity increased over the central part (red arrow). Fig. 32 shows the area and 

intensity value for each pollen grain of PFA_b. As expected, if the overlapping factor is omitted, 

particle 6 will appear as the biggest one, and the pollen grain 4 is the smaller, both in area and 

intensity, showing a direct relationship between both measurements. 
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Figure 31. PFA_b sample: (a) confocal transmission image, (b) t-DHI labeled image, and (c) 3D 

mesh plot obtained from the unwrapped phase map. 

 

 

Figure 32. Optical phase intensity and area measurements from PFA_b. 
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The next sample is the PFA_c; its fluorescence and t-DHI images are presented in Fig. 33. The pollen 

grains were labeled for both images, with their phase intensity and area shown in Table 2. Following 

Table 2, Fig. 33(c) shows the 3D view of the optical phase magnitude for each pollen grain in the 

PFA_c sample. 

 

Table 2. Measurements of the PFA_c sample 

Pollen Phase intensity (rad) Area [m2 x10-9] 

1 1.794 1.54 

2 0.791 1.13 

3 0.607 1.03 

4 0.256 0.55 

 

 

Figure 33. PFA_c sample: (a) fluorescence, (b) 2D unwrapped phase map and (c) 3D unwrapped 

phase map image. 
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Finally, PFA_d shows two pollen grains that appear very similar in size when observed with the 

confocal microscope, as Fig. 34(a) shows. Still, they are successfully differentiated employing the 

optical phase, as Fig. 34(b) shows. 

 

Table 3. Measurements of PFA_d 

Pollen Phase intensity (rad) Area [m2 x10-9] 

1 1.599 1.70 

2 1.552 1.67 

 

The PFA_d measurements are given in Table 3, where it can be seen that the two pollen grains’ area 

difference is minimum. 

 

 

Figure 34. PFA_d (a) confocal and (b) phase magnitude. 

 

There is a direct correlation between the size of the micro-sample and its optical phase magnitude. 

Nevertheless, if tilt is applied to the PFA when placed in the object arm, the phase magnitude is 

modified. Thus, three additional tests were performed for PFA_c and PFA_d and the first one, to 

analyze the impact of this tilt. After processing all the information, phase information does change 

for each case. However, this variation applies to all the observed particles in the PFAs. Thus, the size 

classification for each pollen grain remains the same as the one described in Tables 2 and 3. 

 

4.2 Part 2 (Simultaneous inspection DHI+OCT) 

The composite was designed to increase its stiffness during the compression test within the 

elastic deformation. A PMMA matrix of 30 grams is mixed with 5 grams of micro copper particles 

in a cold mounting process. The resulting polymer is cut in two different sets of prisms: the first set 
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(M1) has a size of 15x5x4 mm, while in the second one (M2) is 15x5x2 mm to have a different 

mechanical response (plastic deformation) during the compression tests. For each set, several samples 

were cut and tested to prove the repeatability and recording speed of the dual inspection set up. The 

compression range in these tests covers from 10 up to 40 lbf to stay within the elastic range of the 

samples (see Appendix B). Several images were recorded with both optical techniques, and it is 

impossible to show all these images in this work, for this reason, was selected individual loads: 12, 

16, 20, 24, 28, 32, 36, 40 lbf. As the repeatability of the compression was proved, the following results 

are the average response for each set M1 and M2. 

 

        

Figure 35. Average DHI wrapped phase maps for (a) M1 and (b) M2. 

        

Figure 36. Average FD-OCT wrapped phase maps for (a) M1 and (b) M2. 
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In Fig. 35 shows the DHI wrapped phase maps for M1 and M2 at these selected loads, while in Fig. 

36 presents the FD-OCT wrapped phase maps from these same sets and loads. Considering the axis 

orientation for these figures (indicated in Fig. 23), the wrapped phase maps from DHI and FD-OCT 

are in the 𝑥𝑦 and 𝑦𝑧 planes, respectively. In Fig. 35(a) is possible to observe the average bending 

behavior of M1 in the entire range of compression compared with the tilting response of M2 after 24 

lbf of compression (see Fig. 35(b)). This bending results from the little opposition of the M2 samples 

to the compression, which changes the expected bending response to a tilting one (this behavior was 

expected due to M1 has twice the thickness of M2). However, only with this surface information, it 

is not possible to determine if M2 leaves the elastic range and moves to the plastic one. By 

remembering that in the load curve, the elastic range is when the sample is undergone to a maximum 

load force, and after applying this load, the sample can return to its original shape. Nevertheless, when 

the load is beyond, the material can suffer a permanent deformation known as the plastic range 

(observed in Fig. 27(b)). To further analyze this condition, information of the FD-OCT is required. 

Fig. 36 shows a ~ 1.5mm depth B-scan (along the red line at 12 lbf in Fig. 35(a)), the interface air-

composite is indicated with a blue arrow at 12 lbf in Fig. 36(a). Comparing the optical phases of M1 

and M2, it is possible to observe that the specimen M1 remains within the elastic range (isotropic). 

At the same time, M2 starts to be plastic (anisotropic) at 24 lbf, as Fig. 36(b) shows. 

 

 

Figure 37. Example of the OCT signal at the selected compression loads for M1. 

 

The OCT signal from the composite specimen's internal scattering points (Fig. 37) helps to analyze 

the real body motion along the z-axis, a feature not easy to determine with the DHI information. The 

average compressive deformation for each wrapped phase map is obtained using equation (59). In 

Fig. 38 and Fig. 39 are presented the displacement maps for DHI and FD-OCT phase maps, 

respectively. For a quick reference, M1 (blue to red) and M2 (dark red to white) displacement's color 

scales are different. During the compression test, the surface maximum averaged displacement 
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reached for M1 and M2 were 1.4 and 9 µm respectively. This behavior should also be replicated with 

the internal deformation, but once the plastic range is observed (24 lbf), the phase information appears 

de-correlated. However, this is not followed in the surface (DHI), where a smooth optical phase is 

registered. Please observe that the maximum deformation is located at the bottom side of the 

specimen. A notorious movement from left to right is observed in the FD-OCT displacements, 

especially in M2 (Fig. 39(b)). 

 

     

Figure 38. Average DHI displacement maps for (a) M1 and (b) M2. 

 

      

Figure 39. Average FD-OCT displacement maps for (a) M1 and (b) M2. 
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This movement happens due to the applied compression and the specimen’s response while bending 

or tilting (real body motion). The phase sensitivity is different in both techniques; this allows different 

displacement magnitudes between DHI and FD-OCT data. The latter helps identify the compressive 

strength of a mechanical stiffness sample as M1 compared with M2. 

DHI gives the surface deformation related to the sample’s stiffness while FD-OCT offers information 

about the internal deformation, which identifies the transition between the isotropic and anisotropic 

state of the sample. 
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5. Conclusions and future work 

 

The t-DHI system is a novel optical configuration with a controlled magnification and could 

inspect semi-transparent biological samples. The system can obtain a phase magnitude related to the 

dimensions of the sample under study. A calibration pattern is used to validate this optical system. 

Then, the measurements of the t-DHI system of each PFA sample are compared with their confocal 

images. Moreover, it is essential to mention that this is the first time that this modified version is used 

to measure semi-transparent biological samples, driving to a new spectrum of possible applications 

that may include the study of inorganic samples. This optical configuration was first used to study 

thermal distributions in liquids [28]. 

On the other hand, the second optical configuration utilizes, for the first time, a simultaneous 

inspection with an FD-OCT and DHI systems to track the compression displacements in composite 

specimens. The advantage is that the sample can be easily prepared. Also, both techniques are non-

invasive, and a high resolution from both can be obtained; the latter permits micrometric detection 

over an internal layer and the surface of the sample. This mechanical information could be used in 

the material's engineering area to better understand the mechanical behavior of the sample studied 

within the elastic or plastic range to analyze different mechanical parameters. 

To obtain the mechanical behavior of materials during some tests (deformation, tensile 

strength, compression, fracture, or displacements), some non-invasive optical techniques, such as 

OCT and DHI, have been employed separately. This work is the first time the DHI and OCT systems 

have been used simultaneously to inspect the mechanical behavior of composite material when this 

is undergone to a compressive force. Besides, it is possible to obtain the displacement value for each 

optical technique. With this information, every sample has a different value displacement due to its 

dimensions, i.e., two samples were tested, M1 and M2. M1 is twice as thick as M2; for this reason, 

M2 does not have the same strength as M1 (Fig. 39). This proposed configuration is a new way to 

measure internal and external information simultaneously in a low scattering material. 

Both optical configurations are proof of principle in state of the art, which allows continuing 

to develop and improve research in transmission digital holographic interferometry for complex 

samples and deformations. t-DHI could be used in the biomedical area, e.g., to study living cells or 

analyze the blood dynamics in a full field of view different from the existing methods. The latter is 

possible due to the possibility of inspecting the sample’s surroundings with the same resolution. 

The simultaneous (multi-purpose) non-invasive inspection was used to analyze a composite 

material in a controlled condition. However, the possibilities for a wide application field is just 

starting. More complex and multi-tasks techniques are considered for new setups. Some target 
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applications are within the biomedical area to study complex tissues like bones, tendons, teeth, skin, 

etc. As more techniques are embedded in this configuration, the measuring ranges and resolution are 

drastically improved to have a full mechanical characterization by optical methods. 
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Appendix A. Biological samples 

 

As was mentioned in section 3.1.3, the samples used are pollen grains from the Lantana 

flower. It is well known that the pollen is a kind of powder (sum of several pollen grains) produced 

within the flower’s anthers. The male reproductive cell, formed by several layers of the flower, is 

found within each pollen grain. The intine is the internal layer, while the exine is the outer one, the 

latter being resistant to critical conditions [30]. The Lantana plant grows mainly in American regions 

with tropical and warm climates, so it is possible to find several species [31, 32]. It is an easy to adapt 

plant, which hence is considered as invasive to local environments such as different places of Mexico 

and the United States of America [33]. 

In Fig. 40 shows a Lantana flower used to extract the pollen grains for the tests. 

 

 

Figure 40. Local Lantana flower is used to extract the pollen grain samples. 

 

The pollen grains collected use a set of microscope glass-slides as the first containers. Care has to be 

taken to avoid electrostatic conditions during the collection process to prevent clusters of pollen 

grains. An optical microscope (Leica DM3000 LED) was used to observe and evenly distribute 

several independent pollen grains on the microscope slides. Once the pollen particles were isolated, 

a fixation process was used. As the interferometer works in transmission, several fixation mediums 

were tested, but many of them distorted the object beam or introduce diffraction patterns, as seen on 

the NPS. 

After several tests, the HistoChoice® mounting solution (Amresco) was selected. However, to avoid 

a wavefront distortion when the solution solidifies, a second slide is placed over the first one, leaving 

the fixation solution with the pollen grains between them. This arrangement will be referred to as the 

pollen fixation arrangement (PFA), see Fig. 23. 
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Appendix B. Synchronization and method of calibration 

 

B.1 Compression control 

Fig. 41 shows a general schematic view of the mechatronic system, which performs the 

repeatable and controlled compression test. The CTM's structure comprises a bottom plate (BP) where 

the sample is situated during the test, a top plate (TP), which has vertical displacement and compresses 

the composite specimen. A DC motor can apply a torque up to 3 kg-cm using gears and screws that 

convert this torque into a compression force limited to 300 lbf (vertical motion of the TP) in the CTM. 

A load cell attached to the bottom plate transforms the applied load on the sample into a voltage 

conditioned (in the signal conditioning stage) to then be sent to the MSP430 development board. Then 

it is converted by an analog to digital (A/D) conversion module (inside the microcontroller MSP430 

µC) into digital values. These digital values are sent to a PC via USB (through the UART module of 

the MSP430 µC and a USB/UART conversion stage of the MSP430 development board). The PC 

reads those values and translates them into force, which is used to determine the DC motor operation. 

A power module driver powers the motor with a square wave controlled by a pulse width modulation 

(PWM) generator of the MSP430 µC. Once the PC processes the force value, it sends a new value of 

the PWM duty cycle to the µC. 

 

 

Figure 41. Schematic view of the mechatronic system. 

 

A specimen colocation routine is followed every time that a sample is tested. In this routine, besides 

the placement of the sample, a load of 0.8 lbf is applied to avoid rigid body motion, and then the 

preloading process starts. Here, the composite is compressed up to a user-defined preload value, 

which is the initial force value of the further loading process. The preload process cycle compresses 

the sample using the same PWM duty cycle, registering all the force values. With the preload values 

stored in the load vector, a slope trend estimation is carried out, analyzing the last five load values. It 
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is assumed that at the end of the preload process, the "n" index indicates the final preload value. Two 

slopes are calculated: the first one (m1) is obtained with the n and n-3 points, while the second one 

(m2) results with the n-1 and n-4 as Fig. 42 shows. An average slope is obtained using m1 and m2, 

and it is considered the reference slope (𝑚𝑟𝑒𝑓) to be kept during the entire compression test. A valid 

deviation range around 𝑚𝑟𝑒𝑓 is defined as 𝑚𝑟𝑒𝑓  −  𝑟𝑎𝑛𝑔𝑒 ≤  𝑚𝑒𝑠𝑡  ≤  𝑚𝑟𝑒𝑓  +  𝑟𝑎𝑛𝑔𝑒. Here, 𝑚𝑒𝑠𝑡  

is the currently estimated slope during the compression test, and range is determined as m1 – m2 

(once the sloping trend is defined, the load routine starts). 

 

 

Figure 42. Slope trend analysis considering the last five load values of the preload. 

 

Fig. 43 shows the flow chart of the loading process, where the user sets the maximum load value to 

be reached by the CTM. Then, the load process cycle begins calculating the slope trend estimation 

(𝑚𝑒𝑠𝑡) continuously, and according to this and based on fuzzy logic criteria, a δ factor value is 

adjusted to modify the PWM duty cycle. Afterward, a new duty cycle value is calculated by adding 

the δ factor and sent every time to the DC motor. 

 

 

Figure 43. Flow chart of the loading procedure. 
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The slope trend estimations are performed after each load reading to keep constant the load-time 

curve during the test. The slope of this curve is related to the CTM compression force and the PWM 

duty cycle applied to the DC motor using the δ factor [74-76]. The fuzzy sets used to relate 𝑚𝑒𝑠𝑡 with 

δ are shown in Fig.44. It is possible to see that 𝑚𝑒𝑠𝑡 = 𝑚𝑟𝑒𝑓  when δ = 0 (meaning that the duty cycle 

is not modified). However, as 𝑚𝑒𝑠𝑡 gets close to 𝑚𝑟𝑒𝑓 + 𝑟𝑎𝑛𝑔𝑒 the δ factor tends to be -1, reducing 

the duty cycle and the compression load applied by the DC motor. An opposite situation happens 

when 𝑚𝑒𝑠𝑡 is closer to 𝑚𝑟𝑒𝑓 − 𝑟𝑎𝑛𝑔𝑒, and the duty cycle is incremented. Even when 𝑚𝑒𝑠𝑡 is below 

𝑚𝑟𝑒𝑓 − 𝑟𝑎𝑛𝑔𝑒 or above 𝑚𝑟𝑒𝑓 + 𝑟𝑎𝑛𝑔𝑒, the δ factor takes a higher value to keep the load–time curve 

within the specific slope range. 

 

 

Figure 44. Fuzzy sets are used to assign the δ factor. 

 

B.2 Continuous load test 

Before the characterization of the composite and once the CTM repeatability was tested [77], 

a compression test is performed to analyze the load application ratio and the cameras' synchronization. 

The CTM applies a continuous stepped compression to a sample while both cameras recorded several 

images per load step. The latter generates a series of interference images that make it possible to 

observe the sample's external and internal deformation in the entire range of the compression test. 

Please note that both optical systems are two state-based techniques, which means that two different 

images are required to retrieve a phase map. These images represent the reference (l- Δl) and the 

interest (l) load. To determine this, a Δl was proposed to have a uniform distribution among the 

readings. For this purpose, several tests were performed to find a Δl that works with both 

interferometric signals. After those tests, the value of Δl was set at -0.5 lbf. E.g. to obtain the 

information at 15 lbf, a second image at 14.5 lbf is used. 

 


