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Abstract. Optical microscopy is an essential tool for biomedical discoveries and cell diagnosis
at micro- to nano-scales. However, conventional microscopes rely on lenses to record 2-D
images of samples, which limits in-depth inspection of large volumes of cells. This research
project implements a novel 3-D lensless microscopic imaging system that achieves a wide field
of view, high resolution, and an extremely compact, cost-effective design: the Digital Lensless
Holographic Microscope (DLHM).A lensless holographic microscope is built with only a light
source, a sample, and an imaging chip (with other non-essential supporting structures). The entire
setup costs $500 to $600. A series of MATLAB-based algorithms were designed to reconstruct
phase information of samples simultaneously from the recorded hologram with built-in high-
resolution and phase unwrapping functions. This produces 3-D images of cell samples. The 3-D
cell reconstruction of biological samples maintained a comparable resolution with conventional
optical microscopes while covering a field of view of 36.2 mm?, which is 20-30 times larger.
While most microscopes are extremely time-consuming and require professional expertise, the
lensless holographic microscope is portable, low-cost, high-stability, and extremely simple. This
makes it accessible for point-of-care testing (POCT) to a broader coverage, including developing
regions with limited medical facilities.
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1. Introduction
Optical microscopy has played a crucial role in biomedical imaging, enabling the study of cells at micro-
to nano-scales and contributing to significant biomedical discoveries [1, 2]. However, conventional
microscopes have limitations in capturing 3-D information of samples, which restricts in-depth cell
analysis. While various techniques have emerged to record 3-D profiles of cells, such as confocal laser
scanning microscopes [3], scanning probe microscopes [4], and fluorescent microscopes [5], many of
them are sensitive to setting and cells.

In the 1990s, digital holographic microscopy [6] (DHM) introduced a new approach to 3-D cell
imaging. Instead of directly capturing light from an object, DHM records the interference pattern created
by the light from an object and a reference wave. This allows for the recording of both phase and
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amplitude information of an object, providing label-free, efficient, low-requirement, and dynamic/4-D
imaging of living cells.

In addition to expanding the dimensions of recorded cell profiles, recent microscopy methods have
aimed to capture finer details on a larger scale. Conventional lens-based microscope

inherently face a trade-off between resolution and field-of-view (FOV). However, computational
methods have bypassed this limitation by replacing lenses. A digital lensless holographic microscope
(DLHM) illuminates a sample directly above an image sensor chip using a laser with a spacing of less
than 1 mm. Consequently, the DLHM requires only three main components: the light source, the sample,
and the imaging chip. Even the lens, which is traditionally considered an essential part of a microscope,
is unnecessary. This decouples the FOV from the resolution, achieving an unprecedented FOV that
covers the entire area of the imaging chip while maintaining a similar resolution to that of traditional
microscopes.

Although DLHM holds significant practical potential, the technology is not yet mature enough for
widespread implementation and commercialization. Therefore, this paper presents a compact, cost-
effective, high-resolution, and wide FOV lensless holographic microscopy system specifically designed
for biomedical applications. In conjunction with the lensless holographic system, a guided user interface
(GUI) is developed to generate and display high-quality images and videos using high-resolution and
iteration-based phase reconstruction functions.

The work presented in this paper has the potential to enhance the precision and efficiency of
numerical biomedical measuring applications, such as cancer and disease diagnosis [7, 8, 9], water-
quality monitoring [10-12], microbial viability testing [13], and 3-D motion tracking of biological
samples [14-16]. One notable application of this work is its potential to provide accessible point-of-care
testing (POCT) with universal coverage. Traditional microscopes are often limited by complex
structures, high maintenance costs, and delicate operations, making them time-consuming and requiring
professional expertise. In contrast, the lensless holographic microscope is portable, low-cost, highly
stable, and extremely user-friendly, making it suitable for broader coverage, including developing
regions with limited medical facilities.

2. Materials and methods

2.1. Optical path design
An experimental setup was developed to acquire holograms for various heights of the sample. The setup
and its components are demonstrated in Figure 1: an illumination source is placed in a bench-top system
above a transparent sample that is directly above the image sensor. The spacing between illumination
source and the sample z2 is kept at around 10cm, while the spacing between the sample and the imaging
chip z1 is kept being <1 mm. For the purpose of this paper, a 528nm green LED light is used as
illumination source, a 1 mm biological glass slide is used as semi-transparent sample, and a 29 mmx29
mm complementary metal oxide semiconductor (CMOS) imaging chip with 2.4 ymx2.4 pm pixel size
from The Imaging Source is used as image sensor. An optomechanical device is responsible for adjusting
the sample to multiple heights.

Inside the complete setup of the microscope, one can distinguish:

(1) the CMOS camera with its USB connector;

(2) a mechanical stage that holds the camera;

(3) an optical clamp that supports the sample;

(4) an adjustable z-axis translation stage that moves the sample slide;

(5) a power-adjustable LED source;

(6) an industrial camera stand that holds the LED source;

(7) an optical pinhole to produce spherical diverging light.

It is noteworthy that LED light was chosen as illumination source instead of a laser. While LED light,
unlike lasers, do not produce speckle noises due to its low temporal coherence, its low spatial coherence
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also reduces the interference effects on the hologram. To overcome this limitation, a small pinhole was
used to increase the spatial coherence. For the particular setup,
a pinhole of diameter ~100 pm suffices.

2.2. Theoretical principles

Based on the experimental setup described in Section 2.1, an in-line hologram is produced. As noted,
the hologram records the interference of a uniformly perturbed/reference light and a uniquely
perturbed/object light. In the case of the DLHM, the object is the semi-transparent cell samples, with
transmittance denoted as

Light Source

~.(1)

Object Plane

(b)

Figure 1. lllustrations of the optical setup. (a) Schematics of a digital holographic lensless
microscope. Including an illuminating source, the sample to be imaged, and an image sensor chip.
The sample plane and the image plane indicate where the sample and image sensor are located,
respectively. (b) Perspective view of the experimental microscope.

o(x,y) =00+ A(x,y) Q)
where A(x, y) represents the minor fluctuations in transmittance due to uniquely shaped samples, and

o0 represents the uniform transmittance along all parts of the sample plane. Note that typically A 0.
Hence, the light distribution on the hologram at z0 away from the sample can be described as

Y(x,y) = A[o0 + A(x, y)] * h(x,¥; 20) = Pr + Yo (%, ) )
according the angular spectrum method (ASM) [17], where A represents the amplitude of incident light,
yr represents a uniform field which we will denote as reference field, yo represents the unique field
distribution sourcing from the sample which we will denote as object field, and h(x, y; z0) represents
the inverse Fourier-transform of the propagation function propagating from the sample to image plane.
The propagation function can be expressed as

) 2\1/2

H(fu ) = exp 122 (1 - Gf? = (1£)7) | ©)
where A represents the wavelength of light, and fx, fy represents frequency components of incident light,
respectively. Hence, the intensity/brightness recorded on the hologram can be expressed as
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1= [tho +Prl? = Y3 + 7 + Yoy + Yoy 4
where I represents the total intensity on the hologram and 1,, i, represents the complex light
amplitude (which includes both phase and amplitude) of the object and the reference light, respectively.
Y and ) represent the conjugate pairs of Y, Py, respectively. Since 3 and ; lose their complex
component, which is vital to back-solving for the object phase information, only one of g, or Y, Y,
(called first-order terms) is necessary for reconstructing a 3-D profile. However, it is difficult to extract
a particular desired term because all the terms overlap each other, so no separate terms can be identified.
Hence, iteration based algorithms are implemented aimed at extracting the relevant object information
with as much detail and as less noise as possible.

2.3. Computational implementation

2.3.1. Phase Reconstruction. In order to identify and reconstruct one of the first order terms in the
hologram, a sequence of algorithms is implemented. Initially, n number of holograms of samples at
various heights are aligned onto the same domain using feature-based registration. Then, the Gerchberg-
Saxton Iterative algorithm [18, 19] as shown in Figure 2 retrieves the complex amplitude of the object’s
light using a several step procedure:

1. Pair a randomly generated phase distribution with the known amplitude information of the i-
th hologram

2. Propagate the light distribution from the i-th hologram to the i+1-th hologram. By the angular
spectrum theory [17], the propagation is given by

Us P y) = FHF (Ul o) x H (2R o fy )}

where H is the propagation function of the distance between the two planes and the frequency
components of the Fourier transform of the i-th hologram, and () is the Fourier transform operator.

3. Keep the phase information of the propagated complex light distribution and replace the
amplitude with the known amplitude information of the i+1-th hologram. This produces an updated
complex amplitude.

4. Repeat the process using updated phase information until all the holograms have been inputted.

5. When i = k, check if the result converges within the set sum squared error (SSE). The SSE
can be defined as

SSE = 3[4 - AY] /247
where A represent the recorded amplitude distribution on the hologram, and A(k)
represent the calculated amplitude distribution after k iterations. If the results satisfy the condition, the
iteration ends and the light is back propagated to the object plane, where the full complex amplitude of
the object is obtained. If the results do not satisfy, the iteration repeats until the requirement is met.

The GS algorithm implemented in this paper has been well studied for previously in the context of
digital holographic microscopy [19-21]. Seeing as the physical process behind the DLHM is similar to
that of traditional DHM, the efficacy of the GS algorithm maintained its validity just as previous
utilizations have [19-21].
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Figure 2. Flowchart of the G-S algorithm, which extracts first order terms through iteration.

2.3.2. Auto-focusing algorithm. A key aspect of implementing the multi-height based gs algorithm
shown in Section 2.3.1. is considering the varying distances between sample plane and image plane.
Given that the resolution of the phase reconstructed profile is highly dependent on the distance chosen,
a bad estimation of distances can lead to poorly resolved image. Since the range of height adjustments
are often in degrees of= 100 um, it is impractical to perform manual measurements. Hence, an auto-
focusing (AF) algorithm is incorporated to improve the performance of the gs algorithm.

For the purpose of this paper, a hill-climbing based AF algorithm is implemented to search for the
most accurate distance between image and sample plane. The algorithm involves hologram
reconstruction at several planes within the suspected measurement volume through pre- determined
upper and lower search boundaries. Subsequently, the hologram is back propagated to the object plane
to produce reconstructed image accordingly. The propagation follows the angular spectrum theory once
more and is given by

Y'(xy) =9, y) * h(x,y; —20) (®)
where 1’ represents the reconstructed output, y represents the hologram input, and h(x, y;-z0)
inverse Fourier-transform of the propagation function propagating from the image to sample plane. The
propagation function is identical to that in equation 3.
A Sobel edge detecting function is utilized to examine the resolution and sharpness of the edges of
each reconstructed image through contrast measures. The Sobel function can be written as

Sobel = \/(Gx - image cell)? + (Gy -image cell)2 (6)

where image cell represents a 3 x 3 matrix centered at an arbitrary pixel of image, and Gx, Gy, represents
the horizontal and vertical Sobel kernel defined as

-1 0 1 -1 -2 -]

Ge=|-2 0 2[,G,=|0 0 0 (7
-1 0 1 1 2 1

respectively.
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Ultimately, the reconstruction distance at which the output exhibits a minima or maxima is
considered as the object focal plane location. In order to shorten the time frame, a rough search is first
implemented with larger step sizes to search for, and a finer search is followed to find the more exact
distance. Ultimately, the object image evaluated at this distance is taken as the image at focus.

2.3.3. High-Resolution. After the phase information has been extracted, a bi-linear interpolation is
employed to ensure good resolution of the final image.

A bi-linear interpolation can extend a grid a certain number of pixels by “guessing” new pixels using
existing nearby pixels. The rationale is demonstrated in Figure 3. Given 4-pixel values, Q11,Q12,Q21,
Q22, and their respective locations, one can guess the value of an arbitrary pixel in-between by
implementing linear interpolation multiple times. Assume that one guesses the value of a pixel at (X, y).
The value of a point R1 is first linearly interpolated by taking the weighted average of Q11 and Q21.

The linear interpolation is given by
X—x

X2 =X 1
f(Ry) = X, —x f(Q11) + Xy — 21 f(Q21)

yol o oQ12 Rz Q22

Y S S S
Figure 3. Demonstration of the bi-
| ' | linear interpolation for four pixels in
| green. An arbitrary pixel.

. Q11 R ' Q21

yit---- R R et -

X1 X Xz

P in green is chosen. Two pixels R in blue describe how the pixel is interpolated.
where x1 and x2 are the x positions of pixels Q11 and Q21, respectively. () represents the pixel value
of any pixel. The same procedure can be done for R2. Next, the linear interpolation is
repeated between R1 and R2 for a given y. The result provides the pixel value of the pixel at that point.
Theoretically, the method is capable of extending a picture to any resolution.

2.3.4. Phase Unwrapping and Height Reconstruction. After the phase profile of the sample is
retrieved through Section 2.3.1, the 3-D information of the cell is theoretically recovered. Given that
the height differences within the sample and the phase information can be easily converted through the
expression

¢ ==h (8)
where ¢ is the phase information, A is the wavelength of the light, and h is the height of a particular point
of the sample.

However, phase mapping can be ambiguous, as absolute phase is wrapped in the intervals [-x, 7].
This results in a discontinuous imaging, as the phase signals from the points with heights that are exactly
integer number of wavelengths apart are the same. A phase unwrapping process must be conducted to
remove the 2x phase discontinuities in the image and estimate the true continuous phase image. Phase
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unwrapping consists of detecting the location of the phase jump and connecting the adjacent pixels by
adding or subtracting multiples of 2@ to remove the phase discontinuities.

For the purpose of this paper, a global gradient-based phase unwrapping algorithm is implemented
to minimize the differences between the discrete gradients of wrapped and unwrapped phase images.
Ultimately, the solved phase map with the least gradient globally is selected as the final solution. The
quality measure of a phase map can be expressed as

2
J =37 IV |bivry— dij — A?fj|2 + 310 X |¢i,j+1 —¢ij— A:i)jj| )
where
A= W(bissj — b)) = W(dijer — bij) (10)
where | represents the quality measure, M represents the total number of horizontal pixels of the phase
map, N represents the total number of vertical pixels of the phase map, i represents the horizontal
position of a particular pixel, j represents the vertical position of a particular pixel, ¢ represents the
phase value of any pixel, and W () represents the wrapping phase operator.
After the global quality of the phase map J is measured for each variation in 27n of the pixels, a
minimized J is selected with its corresponding solved for phase map profile. The absolute phase profile
can hence be substituted back to Equation 8 to retrieve corresponding shapes of the cell sample.

3. Results

3.1. Auto-Focusing Calibration
The lensless holographic microscope is first calibrated using a positive high-resolution USAF test target.
The calibration process is carried out by means of the analysis of the retrieved image after numerical
refocusing by angular spectrum propagation of the recorded in-line hologram. The auto-focusing
algorithm theoretically determined that the focus distance is at around 24 mm, and the distance is
evaluated through back propagated to verify experimental clarity. The recorded hologram is shown in
Figure 4b and the back propagated image is shown in Figure 4a. The resolution of both images is at
about 2.4 um to 3 um.

Looking at the calibration images provided by the lensless microscope, the back propagated images
are especially resolved at the 24 mm focus distance expected. The patterns on the leftside of the image
had significant improvement in terms of contrast and detail, surrounded with few concentric rings of

dark and bright fringes due to interference.
- i&
(b)

!. -
Figure 4. Demonstration of auto-focusing process calibrated to high-resolution USAF test targets.
(a) Shows the focused image that is derived from; (b) the original unfocused hologram.

(a)
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3.2. Static Biosamples Inspection

The lensless holographic microscope is utilized for imaging several fixed and undyed biosamples. More
concretely, the biosamples are honeybee foreleg in Figure 5a-d, and zea seed in Figure 5e-h. The
holograms retrieved by the lensless microscope is included in Figure 5a, d. The phase image retrieved
based on single height is included in Figure 5b, f. The phase image retrieved based on multiple height
is included in Figure 5c, g. The ultimate 3-D reconstruction of phase profile of the sample based on
multiple heights is shown in Fig. 5d,h. The hologram size of the configuration is 2048x3072 pixels with
each pixel size of 2.4 um . The full area of the hologram is 36.2 mm?.The selected proportion of the
honeybee foreleg hologram has an area of 8 mm?. The selected proportion of the zea seed hologram has
an area of 3.6 mm?>.

Looking at the images provided by the lensless microscope, the 3-D shape of the cellular types are
easily visible, though there are some fluctuations due to rough surfaces and other noise sources. There
are less distinctive 3-D shape then as expected because a non-living, compressed sample was used for
this study. Moreover, due to the inherent properties of the lensless holographic microscope, some
internal structures within semi-transparent samples are also recorded.

4. Discussion

4.1. Auto-focusing calibration

In order to reconstruct the hologram retrieved using digital lensless holographic microscope, and auto-
focusing algorithm was implemented to find the exact focus distance as outlined in Section 2.3.2. The
results shown in Section 3.1 indeed demonstrated that an exact focus distance is found, which was
similar to results from previous literature [22]. Similarly, the back propagated images both showed
higher contrast, more distinguishable patterns, finer details, and less blurriness. Both the results from
this paper and that of Picazo-Bueno’s [22] shown reduced but still apparent concentric circles of dark
and light fringes around patterns. This is likely due to interference result that arises from propagation
inevitably, which can be reduced through the following gs algorithms which extracts terms through
iteration. While there has been previous literatures [23, 24] that also examines the auto-focusing
algorithm, most lack practicality in efficiency and even few is applied in the DLHM. The results of this
paper verify that the presented auto-focusing algorithm can be applied extensively in the field of
holographic microscopes to determine focus- distance in an efficient manner.

68



Proceedings of the 2023 International Conference on Mathematical Physics and Computational Simulation
DOI: 10.54254/2753-8818/12/20230434

20 400 0 800 1000 1200
D Pixel ixel H
x10*

S

4.5

Pixel

0.22

0.20

1018
j4 0.16
3.3 Ay 0.14
2 5 165 : 1000 £0.12
700 §o5 f 0.10
2 0.08
15 0.06
1 200 0.04
400 600 s 100' 0.5 0.02
Pixel 1000 Pixel

Phase in

Radians
Phase in
Radians

200

400
600 ggo
1000 1,00
1400 1600

Figure 5. Inspection of different static and unlabeled biosamples. Row 1 include the images for
honeybee foreleg while row 2 include the images for zea seed. (a) and (¢) Full hologram and zoomed-
in proportions for honeybee foreleg and zea seed, respectively. (b) and (f) Unwrapped phase images
retrieved from single height for honeybee foreleg and zea seed, respectively. (c) and (g) Unwrapped
phase image retrieved from multiple heights for honeybee foreleg and zea seed, respectively. (d) and
(h) 3-D representation of reconstructed phase map for honeybee foreleg and zeaseed, respectively.

4.2. Static biosamples inspection

The 3-D bio-inspection of honeybee foreleg and zea seed samples demonstrated that the presented
DLHM is able to obtain 3-D cell images with fine quality. Compared to existing microscopy techniques,
the DLHM holds several advantages. Firstly, the results in Section 3.2 demonstrated that the DLHM is
capable of recording images with a lateral resolution of up to 2.4 um-1.7 pm (depending on the
interpolation used for boosting resolution) without the use of any lens for imaging. The resolution is
similar to that of Picazo-Bueno’s work [22] (with a lateral resolution of 1.65 um). Given that typical
optical microscopes have a resolution of a couple hundred nano- meters, the DLHM is approaching but
still lacking good resolution. Given that an important limitation of the lensless holographic microscope
resolution is created by the pixel size of the sensor, future work concerning the improvement of DLHM’s
resolution can either focus on lowering the physical pixel sizes of image sensors or image processing
techniques (such as pixel super-resolution algorithms [25]). Secondly, the resulting hologram can reach
a large field of view. While conventional microscopes can only reach a field of 2-16 mm?, the DLHM
recorded a hologram size of 36.2 mm? in Section 3.2 that is about 2-20 times bigger than conventional
FOV. Moreover, since the DLHM removes the tradeoff between resolution and FOV, it can actually
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record a much larger FOV at the same resolution with traditional microscopes. For future research, the
FOV can actually be much larger than the ones presented in this work, since the FOV of DLHM is only
limited essentially to the size of the image sensor. Thus, the DLHM is still capable of recording
holograms that is tens to hundreds times of the images in Section 3.2 if a large enough CCD or CMOS
is designed. Lastly, the current DLHM costs at about $500-$600 mostly due to production costs of LED,
image sensors, and supporting structures. Compared to conventional digital microscopes, the DLHM is
extremely cost effective with almost one-tenth of the cost. The portability, compactness, and low-cost
of the DLHM is still greatly limited in this study due to inability of using 3-D printing machines. Ideally,
the DLHM should be able to weight at around 500g and cost less than $200, as demonstrated in previous
literatures [22, 26, 27].

5. Conclusion

This paper investigates the 3-D recording and reconstruction of cell samples through the implementation
of a digital lensless holographic microscope. First, an optical path design of the microscope is shown
such that a good quality hologram can be obtained for further extracting and processing. Next, an auto-
focusing algorithm was utilized to calculate the focus distance. The focus distance will then be inputted
as a parameter into the gs algorithm, where the phase information of the sample is extracted through
iteration. After image processing techniques such as interpolation and unwrapping, a 3-D image of the
cell sample is ultimately produced and demonstrated in Section 3. The results show that the DLHM
technique adopted in this study provides a high-resolution, large FOV, label-free, 3-D imaging of cell
samples. Comparing with conventional microscopes, the DLHM is able to reach a FOV almost 20 times
larger, and a comparable resolution of 1.7 pm. Moreover, the current DLHM costs at about $500-$600,
greatly reducing the production costs of such microscopes compared to others. For POCTs with limited
medical sources that require immediate accurate inspection of cells, accessibility, and low-cost, the
DLHM can hold great promises for future commercialization. The experimentation of DLHM in this
paper may serve as a verification and basis for future improvements, through which DLHM can be made
technologically mature enough to put into practice. However, some limitations in this paper include the
relatively bulky and costly design of the microscope, the resolution. Although the optical design of the
microscopes is already much lower than conventional microscopes, previous literatures have
demonstrated that the use of 3-D printed microscopes can greatly reduce the complexity and cost of the
design, which will likely be the source of firmware productions of DLHM in the future. Moreover, the
DLHM is still limited in terms of its resolution as it is dependent on the pixel size of the image sensor.
Current research has been focusing on sub pixel super-resolution algorithms which is capable of
surpassing industrial limitations and enhance the resolution by a couple multiples. Similarly, an
interpolation method is implemented in this study to improve partially the resolution of the phase map.
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