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Abstract:
A bottom-illuminated orbital shaker designed for the cultivation of microalgae suspensions is
described in this open-source hardware report. The instrument agitates and illuminates
microalgae suspensions grown inside flasks. It was optimized for low production cost, simplicity,
low power consumption, design flexibility, consistent, and controllable growth light intensity.
The illuminated orbital shaker is especially well suited for low-resource research laboratories and
education. It is an alternative to commercial instruments for microalgae cultivation. It improves
on home-built microalgae growth systems by offering consistent and well characterized
illumination light intensity. The illuminated growth area is 20 cm × 15 cm, which is suitable for
three T75 tissue culture flasks or six 100 ml Erlenmeyer flasks. The photosynthetic photon flux
density, is variable in eight steps (26 − 800 µmol · m−2 · s−1 ) and programmable in a 24-hour
light/dark cycle. The agitation speed is variable (0-210 RPM). The overall material cost is around
£300, including an entry-level orbital shaker. The build takes about two days, requiring
electronics and mechanical assembly capabilities. The instrument build is documented in a set of
open-source protocols, design files, and source code. The design can be readily modified, scaled,
and adapted for other orbital shakers and specific experimental requirements.
The instrument function was validated by growing fresh-water microalgae Desmodesmus
quadricauda and Chlorella vulgaris. The cultivation protocols, microalgae growth curves, and
doubling times are included in this report.
Keywords: orbital shaker, shaking incubator, growth chamber, cultivation, microalgae, algae,
cyanobacteria, cell culture, Desmodesmus quadricauda, Chlorella vulgaris, 3D printing, open
source hardware, open hardware, open source, free and open source, FOSS, free, education,
teaching, electronics
Specifications table:
Hardware name

Illuminated Orbital Shaker for Microalgae Cultures

Subject area

Biological Sciences (Algae, Photosynthesis, and Environmental
Research)

Hardware type

Biological sample handling and preparation

Open source license

Creative Commons Attribution 4.0 International (CC BY 4.0)

Cost of hardware

£300

Source file repository

http://osf.io/wfp7x/
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1. Hardware in context
Microalgae, similarly to plants, use photosynthesis as the primary energy source for their metabolic
needs [12]. In laboratory conditions, microalgae are grown using dedicated instruments in growth
media, which provide the nutrients and water. [8, 26]. These instruments agitate and illuminate
the cultures. Agitation is done by shaking, stirring or gas sparging to ensure microalgae mixing,
nutrient, and gas exchange. The illumination typically covers the photosynthetically active spectral
range 400 nm − 700 nm (white), which excites a range of endogenous fluorophores required for full
metabolic activity. Their illumination intensity is variable and programmable for daily (diurnal)
light/dark.
Cultivation systems for microalgae range in size between microfluidic [10, 31] and industrial
scale implementations [26, 3]. The instrument described in this report is an orbital shaker with a
bottom-mounted light source for growing 10s − 100s ml of microalgae suspensions in flasks (Figure 1A). The instrument offers consistent and controllable illumination, and low power requirement
at a fraction of the cost of a commercial instrument. Other instruments used for laboratory microalgae cultivation include closed system bioreactors (Figure 1B) for high biomass production [5].
Illuminated cabinets with controlled environment (temperature, humidity, gas composition) are
used to grow microalgae inside flasks on orbital shakers (Figure 1C). In the simplest case, this
specialized cabinet is replaced by a conventional top-mounted lamp illuminating the microalgae
culture grown at room temperature on an orbital shaker (Figure 1D).
Closed system bioreactors (Figure 1B) and temperature-controlled illuminated growth cabinets
(Figure 1C) are designed to offer regulated and versatile conditions for microalgae cultivation [8,
26]. However, this specialized equipment is expensive ($1000s − $10000s), can have large power
(> kW) and space requirements, and operating costs. Yet, these commercial systems are not always
essential. Microalgae cultivation can be performed in simpler instruments, like the one described
here, when high biomass volume, regulated temperature and mass transfer of gases (O2 and CO2)
are not required.
According to Buchs, over 90 % of all culture experiments in biotechnology are performed in
shaking bioreactors [4]. Also, in laboratory cultivation of microalgae, orbital shakers are widely
used. Typically, flasks with algae are placed on top of an orbital shaker (Figure 1D) with a
light source illuminating the culture from the top [27, 28]. This solution is cheap and simple
to build. However, it cannot ensure consistent and predictable illumination of the microalgae
culture. The flask lids may screen off the light and cast shadows and the lamp illumination may
not be homogeneous across the area of the shaker. Bottom-illuminated orbital shaker systems for
microalgae cultivation can offer more consistent illumination [24, 23], but are not widely used.
This manuscript describes an open hardware design for a bottom-illuminated orbital shaker for the
cultivation of microalgae (Figure 1A). It was optimized for production cost simplicity, low power
consumption, design flexibility, and consistent and controllable growth light intensity to create
reproducible experimental conditions.
2. Hardware description
This work describes an illuminated orbital shaker built around a commercial orbital shaker. A
custom light-emitting diode (LED) [6, 30] array light source and an electronic LED controller are
placed on top of the shaking platform. An elevated transparent platform made of clear acrylic is
fixed over the LED array. The microalgae cultures are placed on top of this elevated platform,
being illuminated from the bottom by the LEDs, and agitated by the rotational motion of the
orbital shaker.
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(A) Illuminated
Orbital Shaker
(+) $, light control
multiple samples
low power
(−) no T & gas control

(C) Culture Cabinet

(B) Closed System
Bioreactor

(D) Homemade Shaker

(+) light/T/gas control (+) light/T/gas control
large culture volume
multiple samples

(+) $, multiple samples
moderate power

(−) $$$, high power
single culture

(−) no T & gas control
heterogeneous light

(−) $$$, high power
space requirement
heterogeneous light

Figure 1: Different cultivation systems for microalgae and a summary of their strengths and weaknesses. A) Illuminated orbital shaker described in this manuscript. B) Closed system bioreactor
for high biomass volume; C) Culture cabinet for large number of different cultures; D) Low-cost
homemade shaker under top-mounted lights. T stands for temperature, $ for low cost, and $$$ for
high cost.
The LED array is a light source with a rectangular area of 20 cm × 15 cm, positioned only 15 mm
below the microalgae culture. The close proximity of the light source and its positioning below the
culture flasks is highly beneficial. The illumination of the culture is consistent over time, regardless
of the type of culture flask used, and requires comparably small power consumption (≤ 29 W) to
achieve irradiance sufficiently high for majority of microalgae cultivation requirements. The diurnal
cycle is set by programming a 24-hour socket timer, which regularly turns the light on and off. The
irradiance at the bottom interface of the microalgae culture is reproducibly adjustable in eight
steps, using a custom electronics controller described in Section 5. Excess heat generated by the
LEDs is removed by a fan-cooled aluminium heatsink. The cooling ensures the temperature at the
top of the illuminated shaker platform does not increase more than 1 °C above ambient even at the
highest light output.
The bottom-illuminated orbital shaker function was validated by successful cultivation of freshwater microalgae, described in Section 7.2. However, its design is more versatile than described in
this manuscript. It should be possible to adapt it for other purposes, too:
• Different species of freshwater and seawater suspension microalgae and cyanobacteria can be
cultivated in the appropriate growth medium [27, 11, 28].
• Thermophilic or psychrotrophic microalgae and cyanobacteria can be cultivated with the
orbital shaker placed inside a temperature-controlled space [9, 14, 25].
• Seed cultures can be cultivated for inoculation into high-volume bioreactors [27].
• The design can be modified for different orbital shaker models and types. A readily available
shaker can be substituted for the described one. The design can be modified to feature larger
illuminator and orbital shaker to support larger volumes of cultures.
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• The peak brightness of the illuminator can be changed by altering the spacing of the LED
strips1 .
• The spectral properties of the light source can be modified to suit different experimental
regimes [29]. The white LED strips, described here, can be swapped for multi-color LED
strips. Multiple copies of the described LED controller can be built to independently control
the output of the three colors of the multicolor LED strip, and thus spectral properties and
timing of the light source.
• The illumination light intensity and cycle can be controlled using a microcontroller or a
computer for advanced growing protocols. The described LED controller is prepared for such
external control. It has 0.31 V − 1.25 V analog input regulating the LED current between
25 % − 100 %.
• The light/dark diurnal cycle can be upgraded to longer and more complex illumination patterns by a straightforward replacement of the basic 24-hour plug-in timer with a more advanced weekly programmable plug-in timer.
• The orbital shaker can be used in education. It could be an educational engineering project
focusing on the instrument development, and a tool for learning about population biology
and photosynthesis [7].
3. Design files
Design files are provided for readers to use them directly or modify them according to their specific
needs. The design files and the associated assembly steps can be grouped into four areas:
• The LED controller electronics.
• The 3D printed case for the LED controller electronics.
• The cooled LED illuminator.
• The transparent orbital shaker platform.
The electronic circuit has been designed in KiCAD electronic design automation suite. The 3D
and 2D computer aided design (CAD) models of the electronics circuit case and transparent orbital
shaker platform were designed in Onshape CAD software system.
3.1 Design files summary
The design files are listed in Table 1 and are briefly described in the list below. Their use in
the build of the illuminated orbital shaker in explained later in Section 5 and the accompanying
protocols.
1

Any changes to the total length of the LED strip must be accompanied by verifying that the maximum current
delivered by the LED controller does not exceed the maximum current rating for the given length of the LED
strip. Replace LED driver DC1 (Supplementary Figure S1) with LDU2430S700, LDU2430S600 or LDU2430S500 for
maximum LED current of 700 mA, 600 mA or 500 mA, respectively. With longer LED strips offering higher maximum
current rating, wire them into two or more parallel sections, each powered by its own LED controller.
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Design filename

File type

Open source license

Location of the file

LEDcontroller.zip

KiCAD project

CC BY-SA 4.0

osf.io/b4wph

LEDcontroller PCB.zip

Gerber PCB files

CC BY-SA 4.0

osf.io/vejbw

LEDcontroller Case.zip

3D CAD files

CC BY-SA 4.0

osf.io/dsmk7

Acrylic Sheet.dxf

Laser cutter file

CC BY-SA 4.0

osf.io/qwh6t

Table 1: List of design files used in the build of the illuminated orbital shaker for microalgae
cultivation.
• LEDcontroller.zip
The archive contains KiCAD project source files with the electronics schematics, printed
circuit board (PCB), bill-of-materials list, and PCB production files. The latest version is
available at rebrand.ly/etuuxu. The schematics of the LED controller is in Supplementary
Figure S1.
• LEDcontroller_PCB.zip
Gerber files for LED controller PCB production are in this archive. The latest version is
available at rebrand.ly/xhsc9i.
• LEDcontroller_Case.zip
STL files for 3D printing the parts, making the custom LED controller case, are in this archive.
The Onshape 3D CAD project with the 3D models of the electronics and the case is available
at rebrand.ly/hvjd1o.
• Acrylic_Sheet.dxf
This DXF file is for the use with laser cutters to produce the secondary transparent orbital
shaker platform from clear acrylic. The Onshape 3D CAD project with the latest DXF file,
technical drawing and 3D model of the shaker platform is available at rebrand.ly/9nqpar.
4. Bill of materials
The materials, required to build the bottom-illuminated orbital shaker for microalgae cultivation,
include an orbital shaker, mechanical fasteners and fixings, clear acrylic sheet, electrical, and electronics components. A number of workshop tools and stationaries are used in the process of building
the illuminated orbital shaker. Both the components and tools are organized in a spreadsheet at
osf.io/tqhy9 and are also listed in Supplementary Tables S3 to S7.
The spreadsheet is divided into five tabs named:
• Electronics Parts: Electronics components are soldered to the PCB to complete the LED
controller circuit. Their total cost is £38.
• Laboratory Parts: The orbital shaker forms the basis of this project. A commonly available
low cost orbital shaker (£95) is described in this manuscript. However, other makes and
models can be substituted - including used ones.
• Fixings: Widely available screws, nuts, washers, and standoffs are required. The total cost
is £9.
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• LED Illuminator Parts: Electrical and electromechanical components required to build
the LED illuminator include self-adhesive LED strips, heatsink, cooling fans, cables, power
supply, 24-hour socket time switch, and a clear acrylic sheet. The total cost is £155.
• Tools: A number of commonly available workshop tools and office stationaries are required
during the assembly of the orbital shaker. The total cost of brand new tools used in the
assembly would be £436, excluding the 3D printer. The tools are organized into five categories:
– Workshop Tools: Common mechanical workshop tools, thread tap set, tap wrench,
and a digital multimeter.
– Stationaries: Multipurpose glue, scissors, fine-tip marker pen, and a ruler.
– Soldering equipment: Soldering station with solder and flux, electrical tape, and
PCB-cleaning supplies (isopropyl alcohol, tub, and brush).
– 3D Printing: Fused deposition modeling 3D printer with consumables or commercial
3D printing service.
– Cutting and Drilling Tools: Either a drill, drill bit, hacksaw, and a sandpaper, or
a laser cutter capable of cutting acrylic sheets.
The electronics circuit PCB manufacture can be outsourced. The total cost of the manufacture,
including shipping, is £10. The instructions for ordering the custom PCB are in the following
Section 5.
The total cost of the bill of materials, including surplus electronics parts and fixings, is approximately £300. This price includes a basic shaker for ≈ £100.
5. Build instructions
Building the bottom-illuminated orbital shaker for microalgae cultivation requires electronics and
mechanical assembly skills. The build is thoroughly documented in a series of protocols listed
below. The protocols are published online using protocols.io platform under CC BY 4.0 license.
The links to the protocols and their brief summaries are in Table 2. Their more detailed description
follows.
• Protocol 1: Illuminated Orbital Shaker for Microalgae Culture (osf.io/hd2c6) [20]
This is a high-level protocol summarizing the steps in building the illuminated orbital shaker.
It starts with procuring parts and tools and finishes with the the final assembly. Links to the
sub-protocols, explaining each step in detail, are provided.
• Protocol 2: Procuring Parts for Algal Shaker (osf.io/jy7gc) [22] Number of tools,
equipment and parts are required to build the illuminated orbital shaker. Detailed bills of
electronics and mechanical materials are provided. The process of ordering the printed circuit
board for the LED controller is also detailed here.
• Protocol 3: Assembling LED Controller Electronics (osf.io/bftxm) [18] The LED
controller is an electronics circuit, which regulates the illuminator power by varying LED
current and drives the cooling fans, which prevent the overheating of the LEDs and microalgae
cultures. The function of the LED controller electronics circuit, step-by-step assembly and
testing instruction are detailed in this protocol. 3D render of the assembled electronics circuit
is shown in Figure 2A.
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Designator
Protocol 1
Protocol 2
Protocol 3
Protocol 4

Protocol 5
Protocol 6
Protocol 7
Protocol 8

Protocol
Illuminated Orbital Shaker
for Microalgae Culture
Procuring Parts for Algal
Shaker
Assembling LED
Controller Electronics
3D Printing Case for LED
Controller
Assembling Cooled LED
Illuminator
Cutting and Drilling Clear
Acrylic Sheet
Assembling Algal Shaker
Measuring PPFD on Algal
Shaker

Summary
High level summary of build
instructions
List of components and tools;
PCB order instructions
Description of the electronics
and its assembly steps
3D printing of case for
electronics; instructions for
LED controller assembly
Electromechanical assembly
instructions for illuminator
Transparent orbital shaker
platform build instructions
Final assembly and testing
steps
Light output calibration
protocol

Protocol URL
osf.io/hd2c6 [20]
osf.io/jy7gc [22]
osf.io/bftxm [18]
osf.io/7ycnr [15]

osf.io/hywec [17]
osf.io/69f8t [19]
osf.io/ewc87 [16]
osf.io/va54p [21]

Table 2: List of protocols with instructions on building and calibrating the illuminated orbital
shaker platform. All protocols are licensed under CC BY 4.0 license. The URL links to the
protocols in this table lead to their static snapshots current at the time of this publication.
A)

C)

B)

D)

E)

Figure 2: Progress of building the illuminated orbital shaker. A) LED controller electronics circuit;
B) 3D printed case for LED controller; C) Clear acrylic sheet for transparent shaker platform; D)
LED illuminator; E) Assembled illuminated orbital shaker.
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• Protocol 4: 3D Printing Case for LED Controller (osf.io/7ycnr) [15] The design files
to produce a custom housing for the LED controller electronics by 3D printing are introduced.
The process of the assembly of the LED controller is explained in this protocol. 3D render of
the assembled LED controller inside the case is shown in Figure 2B.
• Protocol 5: Assembling Cooled LED Illuminator (osf.io/hywec) [17] The cooled
LED illuminator consists of a heatsink holding the illuminating LED strips, cooling fans, and
the LED controller. Instructions for the mechanical and electrical assembly of the cooled LED
illuminator are provided in this protocol. The initial testing of the LED controller circuit is
also outlined here. Photograph of the assembled LED illuminator is shown in Figure 2D.
• Protocol 6: Cutting and Drilling Clear Acrylic Sheet (osf.io/69f8t) [19] A clear
acrylic sheet is used as a secondary transparent shaking platform holding the microalgae
culture flasks. Two sets of instructions are provided in this protocol: One for the manual
cutting of the clear acrylic sheet using workshop tools; the second for automatic cutting using
a laser cutter. 3D render of the cut and drilled acrylic sheet is in Figure 2C.
• Protocol 7: Assembling Algal Shaker (osf.io/ewc87) [16] Once all components of the
illuminated orbital shaker are built, the final instrument is assembled by mounting the parts
to the orbital shaker platform and connecting them electrically. These last assembly steps are
detailed in this protocol. Photograph of the assembled illuminated orbital shaker is shown in
Figure 2E.
• Protocol 8: Measuring PPFD on Algal Shaker (osf.io/va54p) [21] The light output
is characterized by measuring the photosynthetic photon flux density (PPFD). Experimental
details are in Section 7.1.
The above protocols explain in detail the steps required to build and test the illuminated orbital
shaker.
6. Operation instructions
The illuminated orbital shaker offers three variable parameters: (1) platform shaking frequency,
(2) growth light intensity, and (3) daily ratio of light and dark periods. These parameters can be
operated independently. Their meaning and use is explained in the rest of this section.
The platform shaking frequency is set on the orbital shaker as described in its instruction
manual. Usually, this would be done by turning a knob with a scale calibrated in revolutions
per minute (RPM). The orbital shaker described in this manuscript supports frequency between
0 and 210 RPM. The shaking speed needs to be high enough to keep the cell culture suspended
and well mixed. Frequency higher than required unnecessarily increases the power consumption,
heat generation, noise, and the risk of fall of flasks from the shaking platform. The validation
experiments in this paper had the orbital shaker operating at 100 RPM.
The growth light intensity is controlled through the LED controller. There are two modes of
operation: the trickle current and variable current modes, selected by a toggle switch. In the trickle
current mode, a current of 26 mA is flowing through the LEDs, which creates photosynthetic photon
flux density (PPFD) of ≈ 26 µmol · m−2 · s−1 inside a glass Erlenmeyer flask containing deionized
water (Figure 3). The trickle current setting is used for maintaining slow growing cultures of cells
or for microalgae species requiring low light conditions. The variable current mode allows adjusting
the LED current between 240 mA and 1 A and PPFD between 220 and 800 µmol · m−2 · s−1 . In
8
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the variable current more, the LED current, and thus PPFD, are adjusted in seven steps by the
rotary switch on the LED controller (Figure 3). The LED current is set by the resistors in the LED
controller circuit and will remain the same irrespective of the implementation of the illuminated
orbital shaker. The PPFD will depend on the geometry of the orbital shaker platform, the material
of the anti-slip mat holding the culture flasks, spacing of the LED strips, and the type of LED
strips. It can therefore vary significantly in different implementations of the illuminated orbital
shaker and will have to be calibrated individually.
The growth light/dark cycle is adjusted by a 24-hour socket timer. By setting the timer to a
night period, when the light is off, and a day period, when the light is on, the growth light can
be programmed to mimic natural growing conditions. When diurnal illumination is used, the cells
in the culture become synchronized over time, assimilating, growing, and dividing in similar time
periods of the day. This synchronization is beneficial to some experiments. When synchronization
is not required, the light can be left turned on constantly for faster growth. In that situation, the
culture growth is constant, with cells passing through the cell cycle unsynchronized.
The operation of the illuminated orbital shaker requires several safety considerations. The main
risks are associated with the mains electricity, fire, and bright light. Ensure that the mains electrical
leads are away from the orbital shaker to prevent the orbital platform from cutting through the
insulation material of the cables. Make sure that mains socket connections are away from the orbital
shaker. This will minimize the risk of fire or electrocution in case any flask containing the liquid
culture falls from the orbital and spills its content. Ensure the orbital shaker is placed in a tidy
space, away from splashing water, allow enough space for sufficient airflow to prevent overheating
and increased risk of fire. Regularly check that the electrical cables and connections are sound and
reliable. Check that the heatsink is not becoming clogged with dust, impeding good airflow. Fix
unreliable or failing wiring and brush any dust off the heatsink whenever problems are identified.
The orbital shaker must not move during operation even at the highest speed setting. In case
of any movement, change its placement or place a sticky mat underneath to minimize the risk of
falling. The illuminated orbital shaker is a source of bright light. Avoid staring at the illuminator.
Use protective glasses if eye irritation occurs or if it is required by local regulations. Further safety
instruction are listed in Supplementary Section S2.
7. Validation and characterization
The illuminated orbital shaker has been characterized and validated by measuring produced photosynthetic photon flux density (PPFD) and successful growth of microalgae cell cultures. PPFD
has been measured using a calibrated light detector at randomly selected positions on the surface
of the illuminated shaking platform and submerged in water inside glass Erlenmeyer flasks. Cell
counting was done regularly to assess the increase in the density of the culture. The validation
by microalgae growth was performed with two commonly used species of freshwater microalgae,
D. quadricauda and C. vulgaris. The microalgae cultures were grown in different media at two
different LED current settings and regularly evaluated by counting the cell density. The average
cell doubling time was estimated for each species and growth condition. The experiments verified
that the illuminated orbital shaker can be used for reliable cultivation of microalgae (Section 7.2
and Supplementary Section S1).
7.1 Photosynthetic photon flux density
This section discusses the calibration measurements of the light source in the illuminated orbital
shaker. The light source is an array of white LEDs. The spectral density of a white LED is
9
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Figure 3: Calibration graph of
photosynthetic photon flux density
(PPFD) in water in relation to eight
different LED current settings. For
each setting, PPFD measurement
was repeated in twelve different randomly selected positions on the illuminated platform. (inset) The light
sensor was fixed vertically in deionized water inside 100 ml glass Erlenmeyer flask, to mimic the light conditions experienced by the microalgae
culture. The graph shows the twelve
measurements (◦) for each LED current setting, the averaged values ()
and the standard deviations (, StdDev).
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Power Setting

a compound of blue LED emission and green-red phosphorescence [6]. The LED spectrum covers
most of photosynthetically active radiation (PAR) [13]. Photons from the PAR spectrum (400 nm−
700 nm) can be utilized in photosynthesis. The photosynthetic quantum yield in microalgae is a
complex function of wavelength. The combined complexity of the LED emission spectrum and the
photosynthetic quantum yield spectral dependence requires specialized techniques for quantifying
light sources for their ability to drive photosynthesis. Photosynthetic photon flux density (PPFD)
is a measure of the number of photons, with the wavelength between 400 nm and 700 nm, crossing
a unit area per unit of time [13]. PPFD is measured using a quantum sensor, which is a spectrally
corrected light sensor with constant spectral sensitivity in the PAR region and zero response outside
the PAR region. PPFD is typically expressed in µmol (photons) · m−2 · s−1 .
A spherical micro quantum sensor (US-SQS, Waltz) was used in conjunction with a light meter
(LI-250A, Li-COR). PPFD was measured in air, on the surface of the illuminated orbital shaker
platform, and submerged in deionized water inside a glass Erlenmeyer flask, normally used for
microalgae cultivation. The LED controller setting was switched between all eight supported LED
current settings. The measurement was taken at twelve different randomly chosen positions to
sample the PPFD across the illuminated orbital shaker platform area. The average value and
standard deviation were calculated for each medium and LED current setting (Table S2). The
dependence of PPFD on the LED controller setting, measured in water, is plotted in Figure 3 and,
measured in air, is in Supplementary Figure S2. The measurements show the expected increase
in PPFD with the growing LED current as the power settings were changed. For each power
setting, the twelve measurements are spread around the average value. The spread is due to the
spatial inhomogeneity of the illumination, with local maxima right above the LEDs and minima
in between the LEDs. This variation should have negligible effect on the microalgae cultures. The
cell suspensions are being continuously mixed and therefore individual cells experience the same
average PPFD over time. PPFD was slightly lower in water than air, which is consistent with the
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absorption and reflection losses introduced by the extra layer of glass (Supplementary Table S2).
The PPFD can be set between 26 and 800 µmol · m−2 · s−1 (in water), which covers a broad range of
radiant fluxes comparable to a wide range of natural daylight conditions. The protocol, detailing the
experimental execution of the PPFD measurements and the data analysis steps, is at osf.io/va54p
[21]. The raw measurement data, Matlab code for its analysis, and resulting figures are available
in a GitHub repository at rebrand.ly/fmkm7hv.
7.2 Microalgae Cultivation
This section discusses microalgae cultivation using the bottom-illuminated orbital shaker. The objectives were to demonstrate the successful and consistent growth of microalgae at different PPFDs,
to test microalgae growth in different media, and to find optimal cultivation conditions for future
experiments. Two commonly used freshwater species, Chlorella vulgaris (#256, CCALA, Třeboň,
Czech Republic) and Desmodesmus quadricauda (#463, CCALA), were cultivated. The experiments are described in further detail in Supplementary Section S1, introducing the experimental
steps, protocols (Supplementary Table S1), and data analysis. This section reports on the results of
an experiment, in which microalgae were grown at two different LED illuminator settings (PPFD
of 26 and 220 µmol · m−2 · s−1 ) and in different growth media. Homemade medium 1⁄2SŠ [32] and
a commercial Bold’s basal medium [2, 1] (BBM) (B5282, Merck, Gillingham, UK) were used. The
1
⁄2SŠ medium was supplemented with 0.83 mM NaHCO3, as an additional source of carbon. The
BBM medium was used both with 10 mM NaHCO3 and without any NaHCO3. Two light settings
of 26 and 220 µmol · m−2 · s−1 were used. Cultures were seeded into fresh medium at the starting
density of 2 × 105 ml−1 for D. quadricauda and 1 × 106 ml−1 for C. vulgaris. The cell densities
were regularly obtained by counting using Neubauer hemocytometer until saturation was reached
(Supplementary Section S1.2.
7.2.1 Cell Growth Rate Results

/

/

The cell density time evolution data for D. quadricauda are in Figure 4A and of C. vulgaris in Figure 4B. The graphs show the repeats of cell density counts for each day and experimental condition
in the form of univariate scatter clouds (×, ◦, , ). The average values of cell density are plotted
as horizontal lines (). The linear regression of the quasi-linear part of the plot for each condition
are marked by the dotted lines (· · ·). The quasi-linear parts of the growth data were automatically
identified and their linear regressions were calculated by a Matlab script (rebrand.ly/t4zwgz1).
The resulting doubling times during the exponential growth phase for each species and cultivation
condition are listed in Table 3. The data show that doubling times shorten, and thus the growth
rates become faster, for both species with brighter light (higher PPFD). The doubling times for C.
vulgaris were similar in all three media (1⁄2SŠ, BBM, and BBM with NaHCO3). D. quadricauda
grown in the 1⁄2SŠ medium had shorter doubling time and faster growth compared to when grown
in the BBM medium2 .
The increase of the cell density over time did not follow perfect exponential model (linear
increase on the semi-logarithmic plot) in these cultures. This had two reasons. Towards the
saturation of the culture density, the growth naturally slowed down due to less light reaching the
optically dense culture and the gradual exhaustion of nutrients. The second phenomenon was the
daily fluctuation away from the ideal exponential growth model. We speculate, that the fluctuations
were caused by a combination of hemocytometer loading errors and cell cycle oscillations in the
2

D. quadricauda was not cultured in BBM with NaHCO3 during these experiments, as large proportion of coenobia
were malformed or had non-canonical cell number, when grown in this medium (data not shown)
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Figure 4: Growth data of (A) D. quadricauda and (B) C. vulgaris on semi-logarithmic graphs.
Cells were grown in (orange) 1⁄2SŠ medium at the trickle current setting (26 µmol · m−2 · s−1 ), (blue)
1
⁄2SŠ at switch position 6 (220 µmol · m−2 · s−1 ), (yellow) BBM at switch position 6, and (purple)
BBM with NaHCO3 at switch position 6. The average values of the cell density for each day and
condition are marked by the colored horizontal bars (). The cell density counted in each segment of
the hemocytometer is plotted as a univariate scatter plot surrounding the average value (×, ◦, , ).
The linear regression of the quasi-linear part of the growth curve is marked by the colored dotted
lines (· · ·).
synchronized cultures. After a period of stress3 , the cultures did not exhibit steady exponential
growth. Instead, the culture density increased considerably the first day after inoculation into fresh
growth medium. This was followed by a day of subdued growth. These oscillations of faster and
slower growth gradually evened out over the course of a week under stress-free conditions. Despite
the cultures being conditioned for a week before the start of the experiments, the initial dilution to
the initial inoculation density may have contributed to the observed daily fluctuations away from
the ideal exponential growth model.
3

Growth to saturation, large step change in illumination light PPFD, more than 10-fold dilution with fresh medium
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Species
D.
D.
D.
C.
C.
C.
C.

quadricauda
quadricauda
quadricauda
vulgaris
vulgaris
vulgaris
vulgaris

PPFD
[µmol · m−2 · s−1 ]
26 (trickle current)
220 (switch position 6)
220
26
220
220
220

Growth Medium
⁄2SŠ + 0.83 mM NaHCO3
⁄2SŠ + 0.83 mM NaHCO3
BBM
1
⁄2SŠ + 0.83 mM NaHCO3
1
⁄2SŠ + 0.83 mM NaHCO3
BBM
BBM + 10 mM NaHCO3
1
1

Doubling Time
[hours]
46 ± 3
19 ± 3
30 ± 2
44 ± 2
34 ± 2
37 ± 2
33 ± 3

Table 3: List of doubling periods for D. quadricauda and C. vulgaris grown at PPFD of 26 µmol ·
m−2 · s−1 and 220 µmol · m−2 · s−1 in 1⁄2SŠ with 0.83 mM NaHCO3, BBM, and BBM with 10 mM
NaHCO3. The listed doubling time values are the slopes of the linear regressions through the
quasi-linear part of the logarithm of the cell culture density growth data. The stated uncertainties
are the errors of the linear regression slope.
8. Capabilities of the Illuminated Orbital Shaker
• Growth area: 20 cm × 15 cm
• 100 ml Erlenmeyer flask capacity: 6
• T75 plastic tissue culture flask capacity: 2
• T25 plastic tissue culture flask capacity: 8
• Light source PPFD: 26 − 800 µmol · m−2 · s−1 (in eight steps, see Table S2)
• Light source peak power consumption: 30 W (excluding the shaker)
• Shaking speed: 0 − 210 RPM
9. Conclusion
Protocols describing the steps to build, test, and use the bottom-illuminated orbital shaker for
microalgae culture are presented. The protocols are accompanied by design files, which are editable using free-of-charge software. To encourage third-party customization for different purposes
or experimental requirements, the design files, protocols, and code are released under minimally
restrictive licenses4 .
The illuminated orbital shaker function light output was calibrated by measuring the photosynthetic photon flux density (PPFD). Its function for the intended purpose was verified by culturing
C. vulgaris and D. quadricauda. The manuscript is accompanied by a set of protocols detailing
the process of microalgae cultivation (Supplementary Section S1 and Table S1). The protocols
introduce the growth media, the process of culture, and the assessment of culture growth. The raw
data from counting cell density and the Matlab code for their analysis are also openly shared.
The design is flexible and well suited to modifications. A different orbital shaker can be used
instead of the one described in this manuscript. The illuminated growth area and the maximum
4

The restrictions on the CC BY and BSD licenses require crediting the authors in any future use. The CC BY-SA
license additionally mandates sharing of any derivatives under a similar license
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PPFD can be modified for specific needs. This requires scaling to a different sized heatsink and/or
changing the spacing and length of the LED strip. The light source color could be varied by
choosing triple-color LED strips with three copies of the LED controller regulating each color
separately. Longer than 24-hour light cycles can be achieved by using a weekly, rather than daily
programmable timer. Alternatively, flexible control of timing and brightness can be done by driving
the LED controller input with a programmable voltage from a microcontroller (e.g. Arduino).
The bottom-illuminated orbital shaker for microalgae culture was found perfectly suitable for
its intended purpose and it continues being used in the research on photosynthesis. Any suitably
equipped workshop should be able to reproduce the illuminated orbital shaker within a matter of
days, once all components are purchased, at a cost of around £300. All adopters are encouraged
to openly share their applications, implementations, and modification to the illuminated orbital
shaker.
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[12] J. Masojı́dek, G. Torzillo, and M. Koblı́žek. “Photosynthesis in microalgae”. In: Handbook of
Microalgal Culture. John Wiley & Sons, Ltd, 2013. Chap. 2, pp. 21–36. isbn: 9781118567166.
doi: 10.1002/9781118567166.ch2. eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/
9781118567166.ch2. url: https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118567166.
ch2.
[13] K. J. McCree. “Photosynthetically active radiation”. In: Physiological plant ecology I: Responses to the physical environment. Ed. by O. L. Lange et al. Berlin, Heidelberg: Springer
Berlin Heidelberg, 1981, pp. 41–55. isbn: 978-3-642-68090-8. doi: 10.1007/978-3-642-680908 3. url: https://doi.org/10.1007/978-3-642-68090-8 3.
[14] M. Morita, Y. Watanabe, and H. Saiki. “High photosynthetic productivity of green microalga
Chlorella sorokiniana”. In: Applied Biochemistry and Biotechnology 87 (3 June 1, 2000),
pp. 203–218. issn: 1559-0291. doi: 10.1385/ABAB:87:3:203. url: https://doi.org/10.1385/
ABAB:87:3:203.
[15] J. Nedbal. 3D printing case for LED controller. Mar. 2020. doi: 10 . 17504 / protocols . io .
bdici4aw. url: https://dx.doi.org/10.17504/protocols.io.bdici4aw.
[16] J. Nedbal. Assembling algal shaker. Mar. 2020. doi: 10.17504/protocols.io.bdcdi2s6. url:
https://dx.doi.org/10.17504/protocols.io.bdcdi2s6.
[17] J. Nedbal. Assembling cooled LED illuminator. Mar. 2020. doi: 10 . 17504 / protocols . io .
bcrniv5e. url: https://dx.doi.org/10.17504/protocols.io.bcrniv5e.
15

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.01.071878; this version posted May 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[18] J. Nedbal. Assembling LED controller electronics. Mar. 2020. doi: 10.17504/protocols.io.
bdiai4ae. url: https://dx.doi.org/10.17504/protocols.io.bdiai4ae.
[19] J. Nedbal. Cutting and drilling clear acrylic sheet. Mar. 2020. doi: 10.17504/protocols.io.
bcueiwte. url: https://dx.doi.org/10.17504/protocols.io.bcueiwte.
[20] J. Nedbal. Illuminated orbital shaker for microalgae culture. Mar. 2020. doi: 10 . 17504 /
protocols.io.bdubi6sn. url: https://dx.doi.org/10.17504/protocols.io.bdubi6sn.
[21] J. Nedbal. Measuring PPFD on algal shaker. Mar. 2020. doi: 10.17504/protocols.io.bdyxi7xn.
url: https://dx.doi.org/10.17504/protocols.io.bdyxi7xn.
[22] J. Nedbal. Procuring parts for algal shaker. Mar. 2020. doi: 10.17504/protocols.io.bdtwi6pe.
url: https://dx.doi.org/10.17504/protocols.io.bdtwi6pe.
[23] E. O. Ojo et al. “Design and parallelisation of a miniature photobioreactor platform for
microalgal culture evaluation and optimisation”. In: Biochemical Engineering Journal 103
(2015), pp. 93–102. issn: 1369-703X. doi: https://doi.org/10.1016/j.bej.2015.07.006. url:
http://www.sciencedirect.com/science/article/pii/S1369703X15300152.
[24] E. O. Ojo et al. “Engineering characterisation of a shaken, single-use photobioreactor for early
stage microalgae cultivation using Chlorella sorokiniana”. In: Bioresource Technology 173
(2014), pp. 367–375. issn: 0960-8524. doi: https://doi.org/10.1016/j.biortech.2014.09.060.
url: http://www.sciencedirect.com/science/article/pii/S096085241401311X.
[25] E. Ono and J. Cuello. “Carbon dioxide mitigation using thermophilic cyanobacteria”. In:
Biosystems Engineering 96 (Jan. 2007), pp. 129–134. doi: 10.1016/j.biosystemseng.2006.09.
010.
[26] O. Pulz. “Photobioreactors: Production systems for phototrophic microorganisms”. In: Applied Microbiology and Biotechnology 57 (3 Oct. 2001), pp. 287–293. doi: 10.1007/s002530100702.
url: https://doi.org/10.1007/s002530100702.
[27] L. Rodolfi et al. “Microalgae for oil: Strain selection, induction of lipid synthesis and outdoor
mass cultivation in a low-cost photobioreactor”. In: Biotechnology and Bioengineering 102.1
(2009), pp. 100–112. doi: 10.1002/bit.22033. eprint: https://onlinelibrary.wiley.com/doi/
pdf/10.1002/bit.22033. url: https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22033.
[28] O. Savchenko et al. “Algal cell response to pulsed waved stimulation and its application to
increase algal lipid production”. In: Scientific Reports 7 (Feb. 2017), p. 42003. doi: 10.1038/
srep42003.
[29] P. Schulze et al. “Light emitting diodes (LEDs) applied to microalgal production”. In: Trends
in biotechnology 32 (Aug. 2014), pp. 422–430. doi: 10.1016/j.tibtech.2014.06.001.
[30] The Nobel Prize in Physics 2014. 2014. url: https://www.nobelprize.org/prizes/physics/
2014/prize-announcement/ (visited on 04/17/2020).
[31] C. Westerwalbesloh et al. “A microfluidic photobioreactor for simultaneous observation and
cultivation of single microalgal cells or cell aggregates”. In: PLOS ONE 14.4 (Apr. 2019),
pp. 1–13. doi: 10.1371/journal.pone.0216093. url: https://doi.org/10.1371/journal.pone.
0216093.
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