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structure of the colorimeter is quite simple, i.e., a light source, a sample vessel, and a detec-
tor are arranged in a straight line. Therefore, a variety of handmade colorimeters have been
reported. However, easy-to-make colorimeters lack portability and reproducibility of mea-
surement, whereas high-precision colorimeters require soldering, which is difficult for
beginners. To reduce these difficulties, this study proposes a new open-source colorimeter
that can be fabricated easily and cheaply without any soldering. Electronic circuits were

Keywords:
Colorimeter
Colorimetric analysis
Laser cutting

Mortise and tenon made by wiring plug-in electronic modules with connectors. The enclosure was designed
Arduino to be assembled by simply inserting a laser-cut claws into the corresponding claw holes.
Plug-in circuit The colorimeter was used to measure potassium permanganate solutions of different con-

centrations and its accuracy was verified. The results showed that the absorbance was

measurable up to 1.8 for practical use and 1 for reliable use with the resolution of 0.01.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Specifications table

Hardware name Open-source colorimeter

Subject area e Educational Tools and Open Source Alternatives to Existing Infrastructure
e Chemistry and Biochemistry
e Biological Sciences (e.g. Microbiology and Biochemistry)
e Environmental, Planetary and Agricultural Sciences

Hardware type e Measuring physical properties and in-lab sensors
Open Source License CC BY-NC
Cost of Hardware US $80

Source File Repository

1. Hardware in context

Colorimetric analysis is a fundamental technique for quantifying the concentration of a substance in solution in physical

chemistry and biochemistry. The method is based on Lambert-Beer law, in which the concentration of solutes is measured by
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using the optical attenuation when monochromatic light passes through a sample solution. When the incident light with an
intensity of I passes through a sample solution with an optical length of [ and its intensity is reduced to I, the absorbance A
can be expressed by the following equation:

A= —log(I/Iy) = el (1)

where ¢ is the molar attenuation coefficient and c is the molar concentration of the solute. Therefore, the concentration of a
given sample can be determined from the absorbance A and ¢ that is derived from a calibration curve prepared in advance for
the solutions with different concentrations.

This analysis has frequently been used in primary and secondary education to increase students’ interest in chemistry,
biology, life science, and environmental problems. For example, from the perspective of environmental education, nitrite,
one of the causes of air and water pollution, is shown by the quantification of the azo dye coloration produced by the diazo
reaction with Saltzman reagent [1]. In biochemical education, the action of digestive enzymes can be demonstrated by the
change in color of the iodine solution reacted with starch [2,3]. Moreover, in educational practices of food chemistry, the
presence of sorbic acid, a food preservative, is quantified by the colorimetric determination of the reaction with 2-
thiobarbituric acid, whereas the amount of synthetic dye in processed foods is indicated by the change in absorbance of
the extract [4,5].

In a typical colorimeter, a light source, a sample vessel, and a detector are arranged in a straight line. The light from the
source passes through the sample in a cuvette and reaches the detector. Because of its simple structure, colorimeters are
often made in a classroom by students themselves. The most inexpensive and simple handmade colorimeter consists of a
monochromatic LED as a light source and a cadmium sulfide (CdS) photoresistor as a light detector, which are placed in a
cardboard or plastic enclosure [6,7]. Since the CdS decreases the electrical resistance with respect to the luminosity, the
change in light intensity can easily be determined by measuring the resistance of the CdS with a voltmeter. These colorime-
ters are suitable for teaching materials in three aspects: they are inexpensive, easy to make, and have a simple structure that
clearly demonstrates its principle. However, clipped electronic circuits and non-durable enclosures of the devices have less
portability and poor repeatability of measurements. Furthermore, the production of CdS is decreasing due to European RoHS
regulations. Hence, the CdS photoresistor has been replaced by a photodiode with a faster response and better linearity of
photocurrent generation as a function of light intensity [8-10]. To reduce the difficulty of electronic work and enclosure fab-
rication, colorimeters using the prototyping platform Arduino and a 3D-printed box have also been investigated in previous
studies [11,12]. These handmade colorimeters, which incorporate recent digital fabrication technologies, have a robust struc-
ture and better stability of measurements. Most electronic circuits are assembled by connecting electronic components with
jumper wires. However, soldering is still partially required. This is a major barrier to build devices for both primary/sec-
ondary school students and for electronics beginners.

In this study, we propose an open-source colorimeter that can be fabricated easily and inexpensively without requiring
any soldering. A RGB multicolor LED was used as a light source, which allowed colorimetric analysis by selecting one of three
different wavelengths of light depending on the sample. A photodiode was adopted as a detector to measure the output volt-
age depending on the light intensity. The voltage was digitally converted by an Arduino-compatible board and displayed on a
liquid crystal display (LCD). The most distinctive feature of this colorimeter is the use of the Grove system [13], which elim-
inates the difficulties of work to create electronic circuits by simply connecting the electronic elements mounted on the
small boards with connectors. The electronic circuit of the colorimeter can be fabricated in a very short time without requir-
ing any soldering at all. The enclosure was designed to be assembled by simply inserting laser-cut claws into the correspond-
ing claw holes in the MDF board. The colorimeter was used to measure potassium permanganate solutions of different
concentrations and its accuracy was verified.

2. Hardware description

The colorimeter (Fig. 1(a)) was designed to be assembled from commercially available electronic components and MDF
boards cut by a laser cutter (Fig. 1(b)). It does not require drilling, screw thread cutting, gluing, or soldering of electronic
components.

The electronic circuit of the colorimeter consists of a light source, a photodetector, an Arduino-compatible device, a LCD,
and a push button. The Grove system, in which each electronic element is mounted on a small board, allows the construction
of the electronic circuit without any soldering, simply by connecting each board with a connector. An RGB multicolor LED
was used as the light source, which integrates three different color of LED with peaks at 460 nm (blue), 515 nm (green),
and 630 nm (red). A photodiode was used as a photodetector that outputs a voltage from 0 to 5 V depending on the light
intensity. The Arduino-compatible device, Seeeduino Lotus, receives the output voltage at the analog input port and per-
forms a 10-bit A/D conversion. The converted values are displayed on the LCD. The push button was used to turn light on
and off, and to switch wavelengths. These electronic components were controlled by a house-written software in C language
on the Arduino IDE with the help of open source libraries provided by the manufacturer of the Grove system.

The enclosure of the colorimeter was made of laser-cut 4 mm thick MDF boards. The electronic components fastened to
the MDF boards with screws and nuts were assembled by inserting the claws into the corresponding claw holes. When a
plate is machined by a laser cutter, a claw is thinner than designed, whereas a claw hole is bigger than the drawing due
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Fig. 1. Open-source colorimeter developed in this study. (a) Photo of the colorimeter. (b) All components required for fabrication of the colorimeter.

to the cutting allowance. Thus, an assembled claw and claw hole has a gap twice as large as the cutting allowance. In order to
eliminate the gap, the cutting allowance was taken into account in the drawing.

In this study, a personal laser cutter, HAJIME (Oh-Laser, Saitama, Japan), controlled by its software, HARUKA (Oh-Laser),
was used. It costs approximately US $5000. Even a laser cutter that costs around US $1000 would be sufficient. Another
option of cutting MDF boards is to visit a public open workshop called a Fab Lab (Fabrication Laboratory) where digital fab-
rication tools including a laser cutter are offered. As of April 2020, over 1750 Fab Labs are listed on the website of the Fab
Foundation [14].

The colorimeters developed in this study are useful not only for teachers and students in elementary and secondary edu-
cation, but also for researchers who need simple colorimetric analysis because of the following reasons:

e Easy to fabricate and easy to use.

e Low cost.

e Three different wavelengths of incident light.

e Durable enclosure for improving repeatability and accuracy of measurements.

3. Design files

Design Files Summary

Design file name File type Open source license  Location of the file

ColorimeterKuutamo(A3).pdf PDF CC BY-NC https://doi.org/10.17605/0SF.I0/UGVS2
ColorimeterKuutamo(AS5).pdf PDF CC BY-NC https://doi.org/10.17605/0SF.I0/UGVS2
ColorimeterKuutamo-Offset(A3).pdf  PDF CC BY-NC https://doi.org/10.17605/0SF.I0/UGVS2
ColorimeterKuutamo-Offset(A5).pdf = PDF CC BY-NC https://doi.org/10.17605/0SF.I0/UGVS2
Colorimeter_Kuutamo.ino Arduino .ino  CC BY-NC https://doi.org/10.17605/0SF.I0/UGVS2
Instruction.pdf PDF CC BY-NC https://doi.org/10.17605/0SF.I0/UGVS2

e ColorimeterKuutamo(A3).pdf: Ready-to-cut file for laser-cutting the colorimeter from an A3-size MDF board.

e ColorimeterKuutamo(A5).pdf: Ready-to-cut file for laser-cutting the colorimeter from an A5-size MDF board.

e ColorimeterKuutamo-Offset(A3).pdf: Ready-to-cut file for laser-cutting the colorimeter from an A3-size MDF board by
using the HAJIME laser cutter. By taking the cutting allowance into account, the concave and convex lines were offset
by 0.075 mm, respectively.

o ColorimeterKuutamo-Offset(A5).pdf: Ready-to-cut file for laser-cutting the colorimeter from an A5-size MDF board by
using the HAJIME laser cutter. By taking the cutting allowance into account, the concave and convex lines were offset
by 0.075 mm, respectively.

o Colorimeter_Kuutamo.ino: Program file for Arduino IDE. Open source libraries provided by manufacturer for RGB LED and
LCD are required to compile the program.

o Instruction.pdf: The detail build instructions with photos.

4. Bill of Materials

Bill of Materials
The editable Bill of Materials can be downloaded from the OSF: https://doi.org/10.17605/0SF.I0/UGVS2
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Cost perunit |Total cost

Designator [Component Number |- currency - currency Source of materials Material type
(Us$) (Uss)

Enclosure  [A3-size MDF board, t4mm 1 2 [Note 1] 2|Amazon Composite
Enclosure | A5-size MDF board, t4mm 1| 0.5[Note 1] 0.5|Amazon Composite
Electronic |Seeeduino Lotus v1.1 1 9.9 9.9] https://www.seeedstudio.com/ Other
Electronic  [Grove Light Sensorv1.2 1 2.9 2.9 https://www.seeedstudio.com/ Other
Electronic | Grove Chainable RGB LED v2.0 1 5.99 5.99 | https://www.seeedstudio.com/ Other
Electronic | Grove 16x2 LCD (White on Blue) v1.0 1 5.95 5.95 https://www.seeedstudio.com/ Other
Electronic | Grove Button(P) v1.2 1 1.9 1.9|https://www.seeedstudio.com/ Other
Electronic | Micro USB cable, 48cm 1 2.5 2.5| https://www.seeedstudio.com, Other

Cross Recessed Pan Head Machine Screw, M2, o
Fastner . A 14 0.2 2.8| https://us.misumi-ec.com/ Metal
8mm (Misumi Part No. CSPPN-SUS-M2-8)

Cross Recessed Pan Head Machine Screw, M2, . .
Fastner o 8 0.16 1.28| https://us.misumi-ec.com/ Metal
12mm (Misumi Part No. CSPPN-SUS-M2-12)

Fastner Hex Nuts, M2 (Misumi Part No. SLBNR2) 22 0.7 15.4/|https://us.misumi-ec.com/ Metal

Cross Recessed Truss Screw, M3, 50mm (Misumi . .
Fastner 4 0.31 1.24|https://us.misumi-ec.com/ Metal
Part No. CSPTRT-SUS-M3-50)

Knurled Nuts, M3 (Misumi Part No. RBNH-SUS-

Fastner M3) 4 1.27 5.08| https://us.misumi-ec.com/ Metal
Cuvette Disposable polystyrene cuvettes (Pack of 100) 1 21.8 21.8(Amazon Polymer
TOTAL 79.24

[Note 1] The larger size boards are cheaper. The cost in the list shows the approximate price when cut out of a large size board.
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Fig. 2. Instructions of laser-cutting. (a)(b) The design drawings of the enclosure and inner structure of the colorimeter displayed in Adobe Illustrator. (c) The
drawings sent to the laser cutter software, HARUKA. (d) MDF board cut by using the laser cutter, HAJIME.
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5. Build instructions

The enclosure and inner structure to which the electronic components of the colorimeter are attached were made of 4-
mm thick MDF boards. The design file of the colorimeter was divided into A3- and A5-size drawings (Fig. 2(a)(b)). Each of
them was sent to the laser cutter software, HARUKA (Oh-Laser, Saitama, Japan) (Fig. 2(c)). The default cutting parameters
for a 4-mm thick MDF board was selected and the boards were cut by using the laser cutter, HAJIME (Oh-Laser) (Fig. 2
(d)). The total machine time for processing A3- and A5-size boards were approximately 50 and 12 min, respectively.

First, the RGB LED and light sensor were fastened onto the MDF boards using M2 screws and nuts (Fig. 3(a)~(c)). By simply
fitting claws of the MDF boards into the corresponding claw holes, assembly of the measurement module was finished (Fig. 3
(d)~(h)). Next, the Seeeduino Lotus, LCD and push button were screwed onto the MDF boards to form the control module
(Fig. 4(a)~(e)). The RGB LED was connected to the D7 socket of Seeeduino Lotus, the light sensor to AO, the LCD to I2C,,

(c)

(e)

(8)

Fig. 3. Build instructions of the measurement module. (a) All components required for making the measurement module. (b) RGB LED fastened onto the
MDEF board. (c) Light sensor fastened onto the MDF board. (d) To reduce stray light, paint the light path black with an marker. (e) The light path assembled
by fitting claws of the MDF boards into the corresponding claw holes. (f) The finished light path. (g) The measurement module consisting of RGB LED, light
path, and light sensor. (h) The finished measurement module.
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Fig. 4. Build instructions of the control module. (a) All components required for making the control module. (b) LCD and push button fastened onto the MDF
board. (¢) Seeeduino Lotus fastened onto the MDF board. (d) The stacked MDF boards inserted into a pair of support boards. (e) The finished control module.

and the push button to D3, respectively (Fig. 5(a)(b)). Following the wiring, the measurement and control modules, and side
plates were inserted into the base plate (Fig. 5(c)(d)). The top plate was then attached and fixed with M3 screws and nuts in
the holes at four corners of the enclosure (Fig. 6(a)~(c)). Finally, a shade cover was assembled to prevent disturbance by out-
side light (Fig. 6(d)~(f)).

The control program was uploaded to the Arduino compatible board, Seeeduino Lotus, connected to a PC by the following
procedure:

(1) Start Arduino IDE, a development environment application for Arduino compatible boards, on your PC.

(2) Download the board manager for Seeeduino Lotus provided by the manufacturer. Install it in the Arduino IDE.

(3) Download open source libraries in ZIP format for RGB LED and LCD provided by manufacturer. Include them in the
Arduino IDE.

(4) Connect the Seeeduino Lotus and PC with a micro-USB cable.

(5) Open the control program developed in this study in the Arduino IDE, and select “Seeeduino Lotus” from
[Tools] > [Board] menu.

(6) From the [Tools] > [Port] menu, select the appropriate port connected to the board.

(7) Click the Upload button to send the program to Seeeduino Lotus.

The detail instruction with photos is shown in the design file, “Instruction.pdf”.
6. Operation instructions

(1) Connect a micro-USB cable to the colorimeter to supply power. No PC is required.
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(a) (b)

(c) (d)

Fig. 5. Build instructions of the inner structure of the colorimeter. (a) The measurement and control modules, base plate, side plates, and cables. (b) Each
electronic components connected to the corresponding sockets of Seeeduino Lotus by cables. (¢) The measurement and control modules inserted into the
base plate. (d) Side plates inserted into the base plate.

(a) . (b) -

Fig. 6. Build instructions of the enclosure of the colorimeter. (a) The top plate with the rim for fitting the shade. (b) The top plate on the main body. (c) The
enclosure fastened with screws and nuts. (d) MDF boards required for making the shade. (e) The finished shade. (f) The finished colorimeter.
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Fig. 7. Operation instructions of the colorimeter. (a)(b)(c) The color of the light changed in the order of blue, green and red by pressing the push button. (d)
Output value displayed on the LCD according to the light intensity. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

(2) Press the push button to select an appropriate wavelength of light according to the sample solution. Pressing the push
button switches the wavelength of light to 460 nm (blue), 515 nm (green), 630 nm (red), and light off (Fig. 7(a)~(c)).

(3) Insert a cuvette containing 2 ml of solvent without solute, usually water, into the measurement port. A common cuv-
ette with a square cross section (inner size: 10 mm x 10 mm, outer size: 12.5 mm x 12.5 mm, optical length: 10 mm)
is applicable.

(4) Put the shade cover on the cuvette and read the value displayed on the LCD (Fig. 7(d)). This value corresponds to the
intensity of the incident light Io.

(5) Insert a cuvette containing 2 ml of sample solution to be measured.

(6) Put the shade cover on the cuvette and read the value displayed on the LCD. This value corresponds to the intensity of
the transmitted light .

(7) The absorbance A is calculated from A = —log(I/Ip).

(8) To shut down the system, unplug the micro-USB cable.

7. Validation and characterization

The wavelengths of light emitted from RGB LED were measured by a spectrometer (MK350D, UPRtek Corp., Taiwan). Fig. 8
shows the spectra of blue, green and red light measured in a range of 380-780 nm at a resolution of 1 nm in wavelength. The
peak wavelengths of blue, green, and red light were 461, 516, and 631 nm, and the full width at half maximum (FWHM) was
24, 37, and 20 nm, respectively.

To evaluate the usefulness of the colorimeter, experiments were made using potassium permanganate solution as a
model. Potassium permanganate solution was serially diluted with purified water to prepare solutions of 2, 1, 0.5, 0.25,
0.125, 0.0625, and 0.03125 mM (Fig. 9(a)). This solution has a red-purple color. Thus, it absorbs its complementary color,
green, making it appear red-purple. Spectroscopically, potassium permanganate is known to have two absorption peaks
in green at 525 nm and 545 nm. Therefore, the green LED light at 515 nm was used for the experiments. First, the light inten-
sity transmitted through 2 ml of purified water placed in a cuvette was measured at 515 nm. Then, the diluted potassium
permanganate solutions were measured in random order (Fig. 9(b)). The measurements were repeated five times using five
independent sets of serially diluted solutions. Fig. 10 shows the relationship between sample concentration, the output value
from the colorimeter, and the corresponding transmittance. The output value decreased exponentially with increasing con-
centration of the sample, and reached 0 at 2 mM. Fig. 11 shows the repeatability of five measurements. The scatter of the
output values was within +3% of the sample average in the range from O to 0.5 mM, but increased to approximately +10%
at 1 mM (Fig. 11(a)). The output values were almost equally scattered on both sides of the sample average, and no specificity
was observed. The coefficients of variation (CV), that is standard deviation divided by the sample average, was less than 2% at
concentrations ranging from O to 0.5 mM, but exceeded 10% at 1 mM (Fig. 11(b). The decreased repeatability of the measure-
ment and the increased CV in the higher concentrated solutions would be partly attributed to the quantization effect of the
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Fig. 8. Spectra of blue, green and red light of RGB multicolor LED measured by a spectrometer. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

»
‘-‘_,.L(--"-l“-"‘-

-
Caal vl WAl W N e

Fig. 9. Validation of the colorimeter using a model solution. (a) Potassium permanganate solution serially diluted with purified water. (b) The solutions
were measured by the colorimeter in random order.
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Fig. 10. Relationship between sample concentration, the output value from the colorimeter, and the corresponding transmittance obtained for five
independent series of serially diluted solutions.
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Fig. 11. Repeatability of measurements. (a) Scatter of output values divided by the sample average with respect to the concentration of the sample. (b)
Coefficients of variation (CV) of the output values with respect to the concentration of the sample.

A/D converter. Depending on the light intensity, the photodetector outputted an analogue voltage from O to 5 V. This was
converted to the digital value from 0 to 1023 by a 10-bit A/D converter on the Arduino-compatible device, Seeeduino Lotus.
Therefore, the resolution was 4.88 mV/bit (5/1024 = 0.00488). If the change in the voltage falls below the resolution due to a
large absorbance and a small change in light intensity, the difference in absorbance can no longer be detected. The quanti-
zation effect of the A/D converter becomes more pronounced with higher absorbance, which would decrease the repeatabil-
ity of the measurement and increase the CV at 1 mM.

Fig. 12 shows the relationship between the concentration of the sample and the average absorbance obtained from the
five measurements. There was a good linear relationship between the concentration and absorbance (Fig. 12(a)). The figure
also includes regression lines, or calibration curves, obtained for concentrations in the range of 0 to 0.5 mM (solid line) and 0
to 1 mM (dashed line), respectively. The two regression lines showed high correlation coefficients. However, the absorbance
at 1 mM was slightly smaller than that calculated from the solid regression line in the range of 0 to 0.5 mM. In other words,
at the concentration higher than 0.5 mM, i.e., at the absorbance greater than 1, the relationship between the concentration
and the absorbance deviates from the straight line and becomes a slightly upward convex curve. Furthermore, the differ-
ences between the experimental and the predicted absorbance from the regression line, i.e., residuals, were calculated to
compare with the 95% confidence intervals. In Fig. 12(b), the residuals obtained by using the regression line for 0-1 mM were
comparable to the width of the 95% confidence interval. On the other hand, Fig. 12(c) shows that the experimental absor-
bance at 1 mM deviated significantly from the confidence interval when the regression line for 0-0.5 mM was used, which
indicates that the Lambert-Beer law no longer holds at 1 mM. Although the solutions with absorbance up to 1.8 were mea-
surable by this device as shown in Fig. 12(a), the reliable measurement range is less than 1 in absorbance if the slight devi-
ation from the Lambert-Beer law and the large CV of more than 10% at 1 mM were taken into account.

This deviation from the Lambert-Beer law is known to be due to stray light caused by unintended light reflection and scat-
tering on the polystyrene cuvette and light path [15]. Theoretically, colorimetric measurement for a sample with 10% trans-
mittance, i.e., I/Ip = 0.1, yields the absorbance of A = —log(0.1) = 1. If the transmitted light contains 0.1% of stray light, the
absorbance will result in A = —log(0.1 + 0.001) = 0.99568, which is only 0.00432 (approximately 0.4% of the absorbance
A = 1) smaller than that without the stray light. However, if a sample with the lower transmittance of 1% (I/Io = 0.01) or
the higher absorbance of A = —log(0.01) = 2 is measured under the same stray light of 0.1%, the obtained absorbance is
A = —log(0.01 + 0.001) = 1.959, which is 0.041 (approximately 2% of the absorbance A = 2) smaller than the ideal absor-
bance. Fig. 13 shows the relationship between absorbances in the absence and presence of stray light. The larger the stray
light and the larger the absorbance, the greater the error in absorbance. The measurement range of most colorimeters cur-
rently available in the market is less than 2 in absorbance. Therefore, the effect of stray light in these products must be kept
below 0.1%. Note that even if there is no linear relationship between concentration and absorbance, the device can be used
for quantification of concentration as long as a nonlinear calibration curve is prepared prior to measurement.

In order to estimate the effective measurement range of the colorimeter, it is important to consider that the absorbance is
calculated by a logarithmic transformation of the output value from a photodiode. If the reading of the output value I on a
photoelectric detector contains a certain error, the measurement error is constant over the whole range as far as the sample
is evaluated with transmittance T = I/I,. However, the error in absorbance cannot be constant because it is logarithmically
transformed in the calculation of absorbance. This transformed error has been theoretically analyzed and illustrated by the
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Fig. 12. Relationship between the concentration of the sample and the calculated absorbance. (a) Two regression lines obtained for concentrations in the
range of 0 to 0.5 mM (solid line) and 0 to 1 mM (dashed line), respectively. The error bars showing the standard deviation of the five measurements were
smaller than the size of the black circles. (b) Residuals of the experimental absorbance, the upper and the lower limit values of the 95% confidence intervals
obtained by using the regression line for 0-1 mM. (c) Residuals of the experimental absorbance, the upper and the lower limit values of the 95% confidence
intervals obtained by using the regression line for 0-0.5 mM.

Twyman-Lothian error curve [16,17]. The error curve has a downwardly convex, and gives the smallest value at transmit-
tance T = 36.8%, i.e., absorbance A = 0.434. In general, the optical working range of colorimetric measurements is consid-
ered to be 10-80% in transmittance, i.e., 0.1-1.0 in absorbance because of the large error on either end of this range.

Furthermore, the measurement resolution of the colorimeter developed in this study was investigated by considering the
relationship between the resolution of the output value from the photodiode and the calculated absorbance (Table 1).
Assuming that the output value of Iy ~ 390 (Fig. 10) for the measurement of solvent changes by the smallest increment
of 1, i.e,, it becomes 389, the transmittance decreases from 100% to 99.744% by 0.256, while the absorbance increases from
0to 0.00112 by 0.00112. As the output value changes from 40 to 39 for a 0.5 mM solution, the transmittance decreases from
10.256% to 10% by 0.256, and the absorbance increases from 0.989 to 1 by 0.011. Similarly, when the output value of 6
changes to 5 for a 1 mM solution, the transmittance decreases from 1.538% to 1.282% by 0.256, and the absorbance increases
from 1.813 to 1.892 by 0.079. Thus, the measurement resolution in absorbance, which is determined by the combination of
the dynamic range of the photodiode and the performance of the A/D conversion, is 0.001 for a sample with absorbance close
to 0, but decreases to 0.01 for that with A ~ 1, and further drops to 0.08 for that with A ~ 1.8.
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Fig. 13. Relationship between absorbances in the absence and presence of stray light.
Table 1

Measurement resolution of the colorimeter depending on the relationship between the resolution of the output
value from the photodiode and the logarithmically transformed absorbance.

Output value Transmittance Absorbance

1(-) Al T =1/Iy x 100 (%) AT A= —log(I/lp) () AA

390 (=lp) 1 100.000 0.256 0 0.00112
389 99.744 0.00112

40 1 10.256 0.256 0.989 0.011
39 10.000 1.000

6 1 1.538 0.256 1.813 0.079

5 1.282 1.892

Finally, the effects of power-on time and ambient temperature on the measurement were examined. The output values
from the colorimeter were evaluated at three time points after power-on: immediately after power-on, 0.5, and 2 h. The
measurement was repeated five times by using 0.25 mM potassium permanganate solution in five different cuvettes. The
ambient temperature was 25 °C. As shown in Table 2, the power-on time had no effects on the values output from the col-
orimeter. The calculated absorbance was in good agreement independent of the power-on time. The colorimeter and solu-
tions were then left at 4 °C or 40 °C for more than 1 h, and the measurements were made after thermal equilibrium.
Compared to the measurements at 25 °C, the output values decreased by 8-9% at 4 °C and increased by 4-5% at 40 °C, which
is probably due to temperature characteristics of the electronic components used in the colorimeter. However, regardless of
ambient temperature, the obtained absorbance showed no significant differences.

Overall, the measurement range of the colorimeter developed in this study is practically up to 1.8 and highly reliable up to
1 in absorbance. Taking into account the minimum increment of the output values from the colorimeter, the measurement
resolution is 0.01 for absorbances less than 1. Compared to previous reports, in which some studies have only attempted

Table 2
Effects of power-on time and ambient temperature on the output values from the colorimeter and the calculated absorbance (Mean + standard deviation, n = 5).
Output value Absorbance
Ip (Blank) 1(0.25 mM) A = —log(I[lp)
Power-on time (at 25 °C) Oh 405.2 + 8.0 133.8 £49 0.481 + 0.0081
05h 403.2 +8.2 1326 £5.2 0.483 + 0.0085
2.0h 404.0 £ 9.2 132.6 £5.2 0.484 + 0.0073
Temperature 4 °C 371472 1212 £46 0.487 + 0.0081
40 °C 4212 £83 139.2+£53 0.481 + 0.0078
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measurements of absorbance up to 0.5 [6,7,11,12,18], while others have shown the linearity even at absorbance greater than
1 [8,10,19,20], the performance of our colorimeter was superior to or comparable to that of the previous handmade
colorimeters.
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