
Mobile-phone-based Rheinberg
microscope with a light-emitting diode
array

Yuma Ogasawara
Ryo Sugimoto
Ryoji Maruyama
Hidenobu Arimoto
Yosuke Tamada
Wataru Watanabe

Yuma Ogasawara, Ryo Sugimoto, Ryoji Maruyama, Hidenobu Arimoto, Yosuke Tamada, Wataru Watanabe,
“Mobile-phone-based Rheinberg microscope with a light-emitting diode array,” J. Biomed. Opt.
24(3), 031007 (2018), doi: 10.1117/1.JBO.24.3.031007.



Mobile-phone-based Rheinberg microscope with
a light-emitting diode array

Yuma Ogasawara,a Ryo Sugimoto,a Ryoji Maruyama,a Hidenobu Arimoto,b Yosuke Tamada,c and
Wataru Watanabea,*
aRitsumeikan University, College of Science and Engineering, Department of Electrical and Electronic Engineering, Kusatsu, Japan
bNational Institute of Advanced Industrial Science and Technology, Electronics and Photonics Research Institute, Tsukuba, Japan
cNational Institute for Basic Biology, Division of Evolutionary Biology, Okazaki, Japan

Abstract. Mobile phone technology has led to implementation of portable and inexpensive microscopes. Light-
emitting diode (LED) array microscopes support various multicontrast imaging by flexible illumination patterns of
the LED array that can be achieved without changing the optical components of the microscope. Here, we dem-
onstrate a mobile-phone-based LED array microscope to realize multimodal imaging with bright-field, dark-field,
differential phase-contrast, and Rheinberg illuminations using as few as 37 LED bulbs. Using this microscope,
we obtained high-contrast images of living cells. Furthermore, by changing the color combinations of Rheinberg
illumination, we were able to obtain images of living chromatic structures with enhanced or diminished contrast.
This technique is expected to be a foundation for high-contrast microscopy used in modern field studies. © The
Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.24.3.031007]
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1 Introduction
Molecular biology studies in the field have become active to
elucidate the responses of organisms to fluctuating natural envi-
ronments at molecular and cellular levels.1,2 For such field
studies and onsite monitoring, compact and cost-effective
microscopes are necessary to understand the presampling con-
ditions of living cells, tissues, and organisms at the sites where
they grow naturally. To this end, mobile phone technology leads
to implementation of portable and inexpensive microscopes
with ease of operation.3–9 Most mobile-phone-based optical
microscopes are useful to observe bright-field images or fluo-
rescence images. Recently, dual-mode optical microscopy
using a mobile phone has been reported for acquisition of
bright-field and dark-field images with the light-emitting diodes
(LEDs) of a mobile phone and ambient light.10

The LED array microscope can provide simultaneous acquis-
ition of multicontrast images by changing bright-field, dark-
field, and differential phase-contrast (DPC) illumination patterns
of the LED array.11–13 Philips et al.14 demonstrated a multicon-
trast microscope with an LED array on a smartphone platform.
Jung et al.15 demonstrated a smartphone-based multicontrast
microscope using color-multiplexed illumination. We have
reported a smartphone-based multicontrast microscope with dif-
ferent numerical apertures (NAs).16 Multicontrast images with
bright-field, dark-field, and DPC illuminations are useful for
observation of biological cells. Nevertheless, some other meth-
ods of contrast enhancement are required. Rheinberg illumina-
tion microscopy enables simultaneous acquisition of bright-field
and dark-field images by two-color illumination and is origi-
nally used for visual enhancement of the contrast between
a dark-field image and a bright-field image because the bright-

field image becomes the background color.17,18 Moreover,
simultaneous acquisition of bright-field and dark-field images
using microscopy is useful for observing living cells and organ-
isms, which generally show movement. Such images are there-
fore particularly beneficial when obtained using field-portable
microscopes. However, no study of Rheinberg microscopy
using field-portable microscopes has been reported in the rel-
evant literature.

As described in this paper, we demonstrate a mobile-phone-
based microscope to realize multicontrast imaging with bright-
field, dark-field, DPC, and Rheinberg illuminations with as
few as 37 LED bulbs. Multimodal images are instantly obtain-
able by changing the LED array illumination patterns and
colors. Additionally, we investigated the color combination of
Rheinberg illumination and obtained images of chromatic struc-
tures in living cells with enhanced or diminished contrast.

2 Rheinberg Illumination with an LED Array
In Rheinberg illumination, a bright-field image and a dark-field
image are obtainable by two-color illumination. Figure 1(a)
explains an LED array illumination pattern with which
a researcher can perform Rheinberg illumination. The central
rays of red light from the LED array pass through a sample
and serve as bright-field illumination. The oblique green rays
from outer ring LEDs hit the sample and serve as dark-field illu-
mination. In general dark-field imaging, the light from the cen-
tral part is interrupted. However, in Rheinberg illumination, the
bright-field image becomes the background color for better dis-
cernment of the object17,18 and can simultaneously provide both
bright-field and dark-field images using two-color light sources.

Figure 1 also presents various illumination patterns for multi-
contrast images with an LED array. Bright field, dark-field, and
DPC images are obtained by changing the LED light source illu-
mination pattern.12,13 A bright-field image is producible with
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the illumination pattern displayed in Fig. 1(b). For bright-field
images, the illumination angle is less than the NA of the objec-
tive. The phase contrast obtained by DPC derives from two
asymmetric patterns of the illumination, as shown in Figs. 1(c)
and 1(d). For example, images obtained with the left half of
a circle and the right half of a circle are denoted, respectively,
as IL and IR. Then, the left–right DPC image ILR_DPC is defin-
able as follows:12,13

EQ-TARGET;temp:intralink-;e001;63;218ILR_DPC ¼ IR − IL
IR þ IL

: (1)

Similarly, using the illumination in Figs. 1(e) and 1(f),
the top–bottom DPC image ITB_DPC is defined as follows:

EQ-TARGET;temp:intralink-;e002;63;153ITB_DPC ¼ IT − IB
IT þ IB

; (2)

where IT and IB, respectively, denote images obtained with the
top and bottom halves of a circle illumination. An illumination
scheme presented in Fig. 1(g) produces a dark-field image when
the illumination angle is greater than the NA of the objective.

Consequently, in an LED array microscope, bright-field and
dark-field images are obtained directly by changing the illumi-
nation patterns; DPC images are obtained with two asymmetric
patterns of illumination and simple calculation but with no
moving parts.

3 Experimental Setup
The schematic for a mobile-phone-based LED array microscope
is presented in Fig. 2(a). The microscope consists of an objective
lens, an eyepiece, and a smartphone camera. An objective lens
(LMPlanFL 50×; Olympus Corp.) with an NA of 0.50 was used.
An RGB full color dot matrix LED array (8 × 8 dot, Product ID;
1487, Adafruit Industries) was used as a light source. Among 64
LED bulbs, we used 37 bulbs at maximum to obtain multimodal
images as presented in Fig. 1. The eyepiece was used with mag-
nification of 10 and field number of 22 (WHN10X; Olympus
Corp.). We implemented the objective lens and eyepiece in
a barrel (TV-IE; Chuo Precision Industrial Co. Ltd.). Light
from the LED array illuminates the specimen. Light transmitted
from the specimen was recorded as an image on the smartphone
camera (resolution 3264 × 2448, iPhone5S; Apple Inc.). The f
number of the smartphone lens was 2.2. Images were stored in

Fig. 1 Illumination patterns for multicontrast observation in the LED array used for this study:
(a) a Rheinberg illumination pattern. Outer LED array (green LEDs) acts as dark-field illumination to
visualize light-reflecting, refracting, diffusing, or scattering structures. The central LED array (red
LEDs) acts as bright-field illumination to visualize light-absorbing structures; (b) bright-field pattern;
(c) and (d) left–right DPC pattern; (e) and (f) top–bottom DPC pattern; and (g) dark-field pattern.
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TIFF format using application software: ProCamera. The LED
array illumination pattern was controlled by an Arduino device.
The distance between the sample and the LED array was set as
3.5 cm. The distance between the smartphone and the eyepiece
was 2.2 cm. Figure 2(b) portrays a diagram of a constructed
smartphone-based LED array microscope. Figure 2(c) depicts
a typical illumination pattern for the LED array to obtain
a Rheinberg image.

4 Experimental Results

4.1 Observation of Living Moss Leaf Cells with
Rheinberg Illumination

Figures 3–6 present Rheinberg images of living leaf cells of
moss, Physcomitrella patens (Physcomitrella). Mosses gener-
ally have extensive environmental and stress response
capabilities.19 Because Physcomitrella is a model moss for
molecular, cellular, and developmental biology,20,21 we chose
Physcomitrella as the first observation target of our field-port-
able microscopy. In Fig. 3, the central red LED array acted as
bright-field illumination. Outer green LEDs acted as dark-field
illumination. By this arrangement, we changed the ratio between
red LED intensity and green LED intensity. The intensities of
the respective LEDs were controlled as values of 0 to 255.
The green intensity of the LED for dark-field illumination
was set as the maximum of 255. The red/green ratios portrayed
in Figs. 3(a)–3(d) are, respectively, 255/255, 128/255, 64/255,
and 32/255. We obtained high-contrast images of the living
cells. Visualization at the red/green ratio of 64/255 was easy to
be identified. In the following experiments, we presented results
at the intensity ratio of the inner circle/outer ring of 64/255.
Figure 4 shows Rheinberg images of living Physcomitrella

leaf cells with illumination combinations of various colors at
the intensity ratio of the inner circle/outer ring of 64/255.
Distinctive shapes of the cells can be visualized under any
conditions. However, small differences were apparent among
images obtained using various illumination combinations.

To analyze the differences further, we split colors of the
Rheinberg images using ImageJ software (Fig. 5). Differences
were not readily apparent between images obtained with red/
green illumination [Fig. 5(a)] and green/red illumination
[Fig. 5(b)]. By contrast, images obtained with yellow/blue
and blue/yellow illuminations mutually differed. Bright spots of
chloroplasts with yellow outer illumination [Fig. 5(c), right

Fig. 2 (a) Schematic for the smartphone-based LED array micro-
scope in this study. (b) Image of the fabricated smartphone-based
LED array microscope. (c) Typical illumination pattern in the LED
array to obtain a Rheinberg image.

Fig. 3 Rheinberg images of living Physcomitrella leaf cells. The cen-
tral red LED array acted as bright-field illumination. Outer green LEDs
acted as dark-field illumination. The intensity of each LED was con-
trolled to a value of 0 to 255. Red/green ratios: (a) 255/255, (b) 128/
255, (c) 64/255, and (d) 32/255. Scale bar: 100 μm.

Fig. 4 Rheinberg images of living Physcomitrella leaf cells. Inner
circle/outer ring: (a) red/green, (b) green/red, (c) blue/yellow, and
(d) yellow/blue. The inner circle/outer ring intensity ratio was 64/
255. Scale bar: 100 μm.

Journal of Biomedical Optics 031007-3 March 2019 • Vol. 24(3)

Ogasawara et al.: Mobile-phone-based Rheinberg microscope with a light-emitting diode array



panel] were similar to those with green and red outer ones.
By contrast, chloroplasts appeared as dark spots with blue
inner illumination [Fig. 5(c), left panel], which were darker
than those with red, green, and yellow inner illuminations, lead-
ing to better contrast of chloroplasts in the Rheinberg images
with blue inner/yellow outer illumination. However, with
blue outer illumination, chloroplasts appeared as dark spots
[Fig. 5(d), right panel], which differed from bright spots
obtained with green, red, and yellow outer illuminations.
Images with yellow inner illumination [Fig. 5(d), left panel]
were similar to those with red and green inner ones. Taken
together, in the Rheinberg images with a yellow inner/blue

outer illumination, the contrast at chloroplasts was diminished,
leading to better visualization of other nonchromatic structures
such as cell walls.

The differences described above are most likely caused by
the chromatic character of chloroplasts: both chlorophylls and
carotenoids, main pigments in chloroplasts, strongly absorb
blue light.22–24 Therefore, chloroplasts appeared dark, even
with dark-field blue light illumination [Fig. 5(d), right panel].
Chlorophylls (but not carotenoids) also absorb red light,
although images with red light illumination are not distin-
guished from those with green and yellow light. This result
might derive from green light absorbance by carotenoids.22–24

4.2 Observation of Living Onion Epidermal Cells
with Rheinberg Illumination

Next, we observed living onion epidermal cells, in which no
chloroplasts exist, with a mobile-phone-based Rheinberg micro-
scope (Figs. 6 and 7). Figure 6 depicts the results with multiple
combinations of Rheinberg illumination, of which the intensity
ratio of inner circle/outer ring was 64/255. In all cases, cell
shapes can be visualized. Figure 7 exhibits color splitting of
Rheinberg images. With dark-field illuminations, cell walls
were observed clearly.

4.3 Bright-Field, Dark-Field, and Differential-Phase
Contrast Imaging with RGB Illumination

Figure 8 presents multicontrast images of living Physcomitrella
leaf cells. Figures 8(a) and 8(b) show bright-field and dark-field
images illuminated with RGB LEDs. Figures 8(c) and 8(d),
respectively, portray left–right and top–bottom DPC images.
In the dark-field image [Fig. 8(b)], cell wall and chloroplasts,
respectively, show whitish and yellow-greenish colors, sug-
gesting blue-light absorbance of chloroplasts. In DPC images,
cell walls were clearly apparent along vertical and horizontal
directions [Figs. 8(c) and 8(d)]. It is possible to emphasize
the contrast of the cells in the same direction as the lighting

Fig. 5 Color splitting of Rheinberg images of living Physcomitrella leaf
cells by image processing: (a) red inner illumination/green outer
illumination, (b) green inner illumination/red outer illumination,
(c) blue inner illumination/yellow outer illumination, and (d) yellow
inner illumination/blue outer illumination. Yellow channels were pro-
duced by adding green and red channels. Scale bar: 100 μm.

Fig. 6 Rheinberg images of living onion epidermal cells. Inner circle/
outer ring: (a) red/green, (b) green/red, (c) blue/yellow, and (d) yellow/
blue. The intensity ratio of inner circle/outer ring was 64/255. Scale
bar: 100 μm.
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pattern in the DPC because DPC imaging is based on the prin-
ciple of oblique illumination.

Figure 9 shows multicontrast images of onion epidermal
cells. Bright-field [Fig. 9(a)] and dark-field images [Fig. 9(b)]
were obtained with the illumination of RGB LEDs. Figures 9(c)
and 9(d), respectively, show left–right and top–bottom DPC
images. Structural details along the DPC axis were enhanced
in the DPC images.

5 Discussion
Living samples, a main observation target of examination using
field portable microscopes, generally exhibit movement. In fact,

not only micro-organisms and animals, but also even sessile
plant cells show movement. Subcellular structures actively
move, exhibiting motion, such as protoplasmic flow. Therefore,
a field portable microscope is expected to be useful for simul-
taneous acquisition of bright-field and dark-field images in
Rheinberg illumination. Using various color combinations of
Rheinberg illumination, the contrast at chromatic structures,
such as chloroplasts, can be enhanced or diminished. In addi-
tion, chromatic characterization is possible with Rheinberg illu-
mination. We found a certain structure that disturbs blue and
green light but not yellow and red light, in onion epidermal
cells. In the color-code LED array,15 a central bright region is
divided to regions of two colors. When a sample has absorption,

Fig. 7 Color splitting of Rheinberg images of living onion epidermal
cells by image processing: (a) red inner illumination/green outer
illumination, (b) green inner illumination/red outer illumination,
(c) blue inner illumination/yellow outer illumination, and (d) yellow
inner illumination/blue outer illumination. Yellow channels were pro-
duced by adding green and red channels. Scale bar: 100 μm.

Fig. 8 Multicontrast images of living Physcomitrella leaf cells taken by
controlled illumination patterns of the LED array: (a) bright-field,
(b) dark-field, (c) left–right DPC, and (d) top–bottom DPC images.
Scale bar: 100 μm.

Fig. 9 Multicontrast images of onion epidermal cells under (a) bright-
field and (b) dark-field illumination. DPC images of (c) left–right and
(d) top–bottom DPCs. Scale bar: 100 μm.
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the color-code LED array is not easy to use. In Rheinberg
illumination, bright-field illumination uses only one color.
Therefore, light-absorbing structures can be visualized.

The field-of-view of the constructed microscope was mea-
sured as ∼650 μm. Through sample observation, aberration
was confirmed. Because of field curvature, the image is blurred
as it goes to the edge. Pincushion type distortion was also
observable. This aberration is probably attributable to the smart-
phone lens. The aberration effect shown by a mobile phone cam-
era can be corrected using image processing.15 The resolution of
the constructed smartphone microscope was measured. We used
a 1951 USAF test target (#38257; Edmond Optics). From the
bright-filed images with RGB illumination, the contrast transfer
function was higher than 0.74. We also measured the 1951
USAF test target with Rheinberg illumination (red inner illumi-
nation/green outer illumination, green inner illumination/red
outer illumination, blue inner illumination/yellow outer illumi-
nation, and yellow inner illumination/blue outer illumination).
It is possible to visualize a test target of 228 lines pair/mm
with group 7 and element 6. Consequently, the resolution was
calculated as less than 4.4 μm.

6 Conclusion
For this study, observations of living cells were conducted using
a smartphone microscope with an 8 × 8 LED array. Using only
37 LED bulbs, we demonstrated multimodal imaging with
bright-field, dark-field, DPC, and Rheinberg illuminations.
Rheinberg illumination enables simultaneous acquisition of
both bright-field and dark-field images using two-color light
sources. By changing the color combinations, the chromatic
structure can be visualized with higher or lower contrast.
Chromatic characterization is also possible. The multimodal
smartphone-based LED array microscope is promising for
potential application to cellular and subcellular observations
conducted in the field.
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