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II. BACKGROUND

Abstract—Water safety is a critical issue facing many parts
of the world today, but current water quality detection methods
are complicated and cumbersome. 3D printing has allowed for
the integration of electronics into solid structures, creating new
products that promote consumer access to sensor data. A 3D
printed water bottle was built to utilize this technology by
integrating sensors to test pH, turbidity, and total dissolved solids
(TDS) of a liquid, making basic water safety testing accessible
for the general public. The bottle was controlled with an Arduino
Uno unit and included binary LED indicators to display a relative
assessment of water quality. Values were recorded from each
sensor by testing various liquids. This product was determined
to be accurate in measuring water quality factors when compared
to known values, and is an efficient method for users to assess
water safety in a compact form.

A. The Issue of Water Pollution
Water pollution occurs in various ways, caused by different
sources. Agriculture is not only the largest consumer of fresh
water, but also the primary cause of water contamination.
Rain washes fertilizers, pesticides, and animal waste into
waterways, causing eutrophication and polluting water with
microbes and toxic substances. Eutrophication is an excess of
nutrients, such as phosphorus and nitrogen, in a body of water,
which can cause the development of harmful algal blooms.
These blooms feed off the excess nutrients and reduce the
oxygen content of the water, which kills other marine life.
Sewage and wastewater from showers, sinks, and toilets, and
even industrial sources, may contain metals, solvents, and toxic
sludge. Wastewater is not processed frequently and often flows
back into the environment, heavily polluted. Stormwater runoff
is another form of pollution in which debris and chemicals
are carried by rainwater into waterways. Oil pollution comes
primarily from consumer sources, such as gas from cars, rather
than large oil spills. Farms, cities and factories contribute
significantly to this form of pollution. Another main source of
water contamination is radioactive substances, which enter the
environment through uranium mining, nuclear power plants,
and military testing. Radioactive waste is particularly detrimental because it can remain in the environment for thousands
of years [2].
Water contamination has severe effects on both human
health and marine life. Toxic chemicals and heavy metal waste
harm the organisms that consume them, causing a ripple effect
through the food chain as predators consume the contaminated
prey. Debris such as plastic can also suffocate and injure

I. I NTRODUCTION
Water quality has worsened through the years, mainly
because of the growing human population. Natural factors
affecting water quality such as the deposition of dust, salt, and
minerals, the leaching of organic materials, and the byproducts
of biological processes by aquatic organisms are minimal
compared to the human influence due to industry, agriculture,
and climate change [1].
Currently, a bottle capable of testing water quality against
various standards does not exist on the market. Such a product
would increase accessibility to simple water testing, promoting
general health.
This paper covers the design, development, construction,
and testing of a product which utilizes various integrated
sensors, resulting in a convenient and consolidated form of
water safety testing.
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marine life. Unsafe water causes approximately one billion
illnesses around the world each year and caused 1.8 million
deaths in 2015. Human waste produces dangerous pathogens,
such as bacteria and viruses, and can spread diseases such as
cholera, giardia, and typhoid. Legionnaires’ disease, a form
of pneumonia, can also come from contaminated public water
sources. [2].
Many past instances of urban water contamination exhibit
the benefit of having an integrated, portable, and affordable device to accurately determine water quality. In recent memory,
the Flint water crisis comes to mind, where officials failed
to implement proper water treatment standards and ignored
citizen complaints regarding hazardous water. The city of Flint,
which was placed under state control after its debt continued
to rise, tried to save money by cutting off the water lines
from Detroit in favor of a cheaper alternative—building a
new water system for Lake Huron. To save money in the
transition process, they decided upon using water from the
Flint River, known for its high concentration of pollutants from
the citys industrial past, which administrative officials failed
to engineer and enforce proper treatment regulations. Despite
community-wide concerns regarding the tap water situation,
city officials did not budge on their proclamation that the water
was doubtlessly safe. Only in 2015 did some official research
take place and the findings were devastating: 17 percent
of homes had water with lead levels well above what was
considered necessary for government action. It was estimated
that near to 9,000 children in Flint had been exposed to leadcontaminated water for over a year. Not only this, but other
issues proliferated: the deadly, pneumonia-causing Legionella
pneumophila bacterium caused the deaths of 12 people and
affected many others [3].
What exacerbated this damage, primarily, was the lack of
public access to information about water quality (both testing
and treatment) and the governments inaction, which fostered
a sense that the situation was not critical’, contrary to the
experiences of citizens. Citizens did not get an official study
of the citys water quality until over a year after the switch
to Flint River water—a time gap that is unacceptable [3].
Since it is not practical to expect citizens to be able to
access all the testing capabilities of a fully funded laboratory,
implementing a system of basic water-quality sensors into a
relatively small device would allow individuals to conveniently
assess the general quality of water flowing into their homes.
The device that was built incorporates three main sensors:
pH, total dissolved solids (TDS), and turbidity. These are
integrated into a system designed for ease of use, practicality,
and immediacy. An output based off of these metrics and their
respective recommended values (as designated by the EPA’s
primary and secondary drinking water regulations) indicates
whether the water is safe or whether drinking from the source
puts the user at a significant risk of disease [3].

1980s by physicist and engineer Chuck Hull, 3D printing allows for the easy fabrication of three-dimensional objects from
computer-aided design (CAD) models. 3D printers deposit
material layer by layer in an additive manufacturing process.
This process wastes far less material than the conventional
subtractive manufacturing methods used by many companies,
and also often uses less energy, making 3D printing an
effective and innovative technology [4]. 3D printing continues
to develop today and has potential to expand even more in the
future. The 3D printing process is useful for the integration of
circuits into solid objects.
There are several different methods of 3D printing. Stereolithography (SLA), a type of vat photopolymerization, was
used for this project. In this process, a liquid resin is rapidly
solidified by photo-polymerization using a light source such as
a laser or light projector. The light illuminates a pattern on the
liquid resin inside a resin tank, causing this pattern to become
solid to a certain depth and adhered to the printer platform.
The thickness of the cured layer can be related to the amount
of light used by a modified version of the Beer-Lambert law,
which describes the absorption of light through a medium.
This equation, Cd = Dp ln( EEC ) , where Cd is the cure depth
of the resin in m, Dp is the resin penetration depth in m, E
is the light irradiation dose, and (Ec ) is the critical energy
in mJ/cm2 (i.e. the energy required for the resin to reach gel
point), is used plotted to determine the settings to be used for
the stereolithography process. When the printer’s light exceeds
the critical energy (Ec ), a solidified layer of the print is formed.
However, if there is overexposure, it can cause overcuring,
where preceding layers that were not meant to be cured are
partially polymerized. Decreasing light penetration depth (Dp ),
which can be accomplished by dying the resin or using higher
photo-initiator concentrations, can help solve this problem, but
will cause an increase in print time. The finished layer is then
covered in liquid resin, the platform moves, and the process is
repeated for subsequent layers of resin, which polymerize with
the initial layer’s structure. Once the 3D object is complete,
excess resin is washed off, the object is removed from the
printer, and it is post-cured with ultraviolet light in order to
enhance its mechanical properties [5].
SLA allows for more accurate, precise, and detailed manufacturing. SLA printers operate at room temperature because
they use light, not heat, and thus the plastic is not subject
to issues with thermal contraction or expansion. In addition,
details printed through SLA can be as small as 85 microns,
while fused deposition modeling (FDM) printers only offer
250-800 micron printing nozzles. The parts produced are also
more isotropic, watertight, and smooth as compared to the
FDM printing method [6]. The watertightness of a continuous
SLA-printed part is useful in creating such a product as a
water bottle. The smooth surface finish of the SLA printer
also makes the product look appealing and more professional.

B. 3D Printing and Stereolithography

C. Circuit Integration

The integration of electronics into solid structures can be
accomplished using 3D printing technology. Invented in the

In order to integrate a circuit into a solid part, an object
is specially designed to house electronics, involving holes and
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openings for parts such as sensors, lights, and leads connecting
to the circuit. Circuits can also be integrated within the object
by 3D printing the first few layers of the structure, pausing
the printing, depositing conductive silver nanoparticles that act
similarly to wires on top, then placing the structure back in the
printer to continue printing on top of the circuit. Alternatively,
actual wires can be inserted into the parts. Thus, a solid
structure can be printed with a circuit within it, rather than
being externally wired. This allows for products to be less
bulky, more compact, and more consumer friendly.

EC, however, also varies by around 2% for each 1C in
temperature, which must be normalized in order to get accurate
readings. The reference temperature is taken to be 25°C,
around room temperature, at which all TDS standards are
measured [11]. To normalize values that are read by the probe
a temperature sensor was also incorporated, whose output is
stored in a local variable and then used in the normalization
equation. The temperature coefficient, a value relating the
temperature change to a change in conductivity, can be used to
normalize all conductivity readings to their 25°C value. This
coefficient, α, is defined to be [13]:

D. Water Quality Sensors

dEC
= αdT
EC

Our design utilizes three basic water quality sensors to
measure the relative risk of drinking a given sample. In
measuring water quality, there are a great variety of measurements and metrics from which an assessment can be made.
Additionally, the practicality of certain measurements for
specific applications have to be considered. In this case of our
product, water quality measurements that would take too long
a time to establish accurate results had to be eliminated from
consideration. Assessment of biological factors such as fecal
contamination and a wide range of hazardous microorganisms
was reduced to the more accessible and efficient, albeit more
general, turbidity measurement. Furthermore, contamination
from hazardous dissolved substances was generalized to the
much simpler measurement of total dissolved solids (TDS).
The third water quality aspect was a pH measurement, which
is a critical factor in considering a water sample’s toxicity.
Unsafe values read for any of these three factors likely indicate
unsafe water.
The sensors were bought from a Chinese company,
DFRobot, which specializes in electronics for robotics and
to extend the function of an Arduino micro-controller. These
sensors were relatively cheap, none of them exceeding 30
USD in price [7] [8] [9]. Despite this, the sensors must be
programmed, using an Arduino as a control, in order to make
sense of their output voltages.
1) Total Dissolved Solids Sensor: TDS sensors function
by having two or more probes create an electric current
through the aqueous solution it is submerged in [10]. The
current flowing between the probes depends upon the ion
concentration between the probes and, thus, is also related to
the potential difference between the probes [10]. The DFRobot
sensor gives a voltage output which can be converted into
an electrical conductivity (EC) reading and subsequently into
an estimate of the TDS in ppm. The voltage reading can be
converted to EC in micro-Siemens/cm [11]:
EC = 133.42V 3 − 225.86V 2 + 857.39V

(2)

This differential equation can be solved for EC to obtain an
equation relating the measured value to the normalized value:
EC(T ) = EC0 eα(T −T0 )

(3)

This can be estimated by a linear approximation by using
the Taylor expansion of the exponential function [13]:
EC = EC0 (1 + α(T − T0 ))

(4)

The temperature coefficient in the linearized approximation can be obtained theoretically through application of the
Nernst-Einstein and Stokes-Einstein proportionality. These,
applied together, proportionally relate EC and viscosity, which
can then be used to derive a constant of 0.02. The linear approximation does not exceed an error greater than 0.25µS for
0°C-55°C, which is the TDS sensor’s upper temperature limit.
The Arduino program uses this approximation to normalize
the measured value [14].
2) Turbidity Sensor: The turbidity sensor yields a voltage
output obtained through measuring the scattering of light due
to suspended particulates. This is inversely related to the Nephelometric Turbidity Unit (NTU), one of the most common
standards of turbidity measurement. DFRobot conducted tests
on their sensors and provided a curve fit (see Fig. 1) for this
relationship, which gives the model [15]:
y = −1120.4x2 + 5742.3x − 4352.9

(5)

The EPA, under its National Primary Drinking Water Regulations, does not allow water put through conventional filtration
methods to be above 1 NTU of turbidity, a value that cannot
be measured precisely with the DFRobot sensor (though it can
read up to 2 decimal places of precision, something more sensitive is necessary to read 1 NTU); thus, the sensor’s voltage
output in tap water (4.7V) was used as the minimum accepted
value, plus or minus the an error of 0.1V [16]. We also have
to take into consideration of temperature, which can affect the
voltage output of the turbidity sensor, depending on the NTU
of the sample (see Fig. 2) [15]. This temperature variation is
relatively minimal for the expected range in temperature values
(between 20°C and 25°C) and thus is factored in as part of
the overall range of acceptable voltage outputs (approximately
0.5V range surrounding the 4.7V maximum).

(1)

Given that no single ionic species is at a significantly large
concentration in a water sample, dissolved ions usually tend
to have the same effect on conductivity readings. Thus, EC can
give a reliable metric for the total ionic concentration (TDS)
dissolved in the water [12]. EC (µS) generally is related to
TDS (ppm) by a factor of two, which is the conversion factor
used for the DFRobot sensor [10].
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TDS is often a strictly aesthetic factor; however, depending
on the dissolved solids, high levels can increase the risk
that the solids are dangerous and can have health effects.
It was determined by a panel of tasters in a World Health
Organization study that TDS levels of over 900ppm cause poor
water quality [17].

Soft water is acidic and can be corrosive, meaning that it can
leach toxic metal ions such as lead, iron and manganese out of
piping and plumbing. This may lead to a metallic or sour taste
in the water and a blue-green staining of drains. Hard water
is basic, and while not as great of a health risk, can cause
other issues such as bitter tasting water and scale or deposit
formation on the insides of pipes and on dishes and utensils
[20].
E. Arduino
Arduino is a platform of open source electronics components and software. An Arduino board is a micro-controller
that specializes in reading and applying data from a wide
range of sources to complete specific, programmed tasks. By
utilizing the Arduino coding language, users can program
the Arduino to apply the data in various ways, from simply
reporting it as a numerical value, to turning on a light, moving
a motor, or even sending a text message. The Arduino coding
language is relatively simple and has been used by many to
implement Arduinos in various projects. The Arduino system
itself has been used by beginners and experts alike because
it is inexpensive, simplifies complicated tasks, can manage
multiple tasks at once, control large functions of projects,
and is applicable across all three major desktop operating
systems. Moreover, since Arduino is an open source platform,
its hardware and software are continually expanding and
improving with third party boards and code libraries. Arduino
code is broken into three basic sections. At the beginning of
the code, variables are declared and third-party libraries are
included. In the middle section of the code, known as the
setup, the first commands start the sensors or information
sources used in the code. The last section of the Arduino
code is known as the loop, which is the body of the code
that the Arduino continuously runs. Altogether, the Arduino
allows users to easily manipulate electronic components for
their development needs. [21]

Fig. 1. DFRobot curve fitting of turbidity v. voltage output relation

Fig. 2. DFRobot curve showing relation between voltage output and temperature at differing turbidity levels

3) pH Sensor: The pH sensor measures acidity by relating a
potential difference between two electrodes. One measures the
electric potential across a glass membrane that is permeable
to H+ ions while the other measures the electric potential
across a standard reference solution, KCl. The sensor then
outputs the potential difference between the two electrodes.
Since this voltage is a metric of the ionic activity of H+ , it
can be converted into a pH value (−log[H + ]) [18].
When measuring pH, there is also a factor of temperature compensation, however the effect of this is significantly
smaller than that on TDS measurements. Compensation for pH
also necessitates the consideration of the changing equilibrium
constant (Kw ) of water, which dictates water’s neutral pH [19].
That is to say, the neutral values also shift, complicating the
correction to the acceptable pH range. In addition, the simple
binary output of our device does not necessitate an exact pH
measurement, but rather a relative range. Thus, incorporating
temperature compensation would be over-complicating our
design with little added benefit [14].
The safe pH range for water is 6.5 to 8, and anything below
is considered soft while anything above is considered hard.

F. Circuit Components
1) Resistor: A resistor limits the electric current running
through a circuit, by forcing the current to flow through a
small wire surrounded by insulation. Because a resistor limits
the current passing through, a drop in voltage also occurs.
Resistors are measured in Ohms (Ω), the higher the amount
of Ohms, the more resistance the resistor possesses. [22]
2) Light-Emitting Diode (LED): A light-emitting diode
(LED) utilizes two semiconductors to restrict the direction of
the flow of electrons and through the effect of electroluminescence, photons are emitted by this flow. [23]
III. E XPERIMENTAL P ROCEDURE
The creation process of the final product consisted of
multiple steps. The bottle and circuits were designed before
being printed, assembled into a cohesive product, and tested.
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A. Basic Bottle Structure Design
The water bottle was designed and modeled in the computeraided design software Solidworks. Several different prototype
models of the body and base were created before a 6 tall
straight, cylindrical body with a 0.1875 thick wall and 1.5
radius was finalized. A 3” tall part was modeled in Solidworks,
to have two identical parts printed (See Fig. 3).

Fig. 4. Solidworks CAD design of water bottle base with holes for integration
of turbidity and total dissolved solids (TDS) sensors

The temperature sensor was the only sensor that required a
resistor (4.7K Ohms) in series to restrict the current flowing
through the sensor. The turbidity, pH, and TDS sensors were
all Arduino parts, meaning there were built in resistors in each
of them to operate efficiently on a 5V source. The two LEDs
were attached to the digital pins on the Arduino Uno, which
produced a reduced output voltage, so there was no need for
resistors with the LEDs. The electrical components were all
wired in a breadboard and connected to an Arduino for data
collection, as each sensor was connected to an analog port.
Fig. 3. Solidworks CAD design of 3” tall water bottle body section

C. Circuit Integration Design
Four sensors had to be integrated into the structure of the
bottle. The pH and TDS sensors used probes and thus were
designed to attach to the inner surface of the bottle rather
than the base, with holes for the wires printed into the sides.
The turbidity and temperature sensors were integrated into the
base, with both sensors’ wires threaded out of the base through
slits.

The base of the water bottle was modeled last, as this is the
section of the bottle that houses the circuit and sensors. The
base was made with a 1.5” radius in order to align with the
body of the bottle. The bottom of the base was modeled as
a 0.8” tall cylinder. A 0.5” extrusion was made in the shape
of a shelled cylinder with a 0.1875” thick wall in order to
connect the base with the body. It was then taken into account
how the sensors would be integrated into the base. It was
decided that the temperature sensor would be inserted into the
base in an upright position. The diameters of the temperature
and turbidity sensors was measured using a caliper. Two holes
were cut into the bottom of the base to match these diameters,
including tolerances so the sensors could be inserted easily.
The hole for the turbidity sensor was made to be 1.15” and
the hole for the temperature sensor was made to be 0.25”.
Two 0.1” width by 0.3” width rectangular holes were cut as
leads in the sides of the base, connecting the outside into the
sensor holes (See Fig. 4). The CAD files were designed as
.SLDPRT files and saved in the .STL format for printing. Full
CAD specifications can be found in the appendix in Fig. 9
and Fig. 10.

D. 3D Printing
A FormLabs Form 2 SLA 3D printer was used to create each
component of the bottle. This is a desktop stereolithography
printer with a laser spot size of 140 microns, layer thickness
of 25, 50, or 100 microns, and a minimum detail size of 150
m. The Form 2, however, does have size limitations as it is
only large enough to build volumes of up to 5.7” x 5.7” x
6.9” [24]. Thus, the water bottle was printed in multiple parts
as was designed in Solidworks rather than completed in one
print. The main body structure was printed as two identical
3-inch tall parts to be connected after printing, both from the
same .STL file. The base was then printed from its respective
.STL file. After printing, each of the parts was post-cured with
ultraviolet light for about 30 minutes. Two holes were then
created using a drill in one of the body cylinders to make
openings for the TDS and pH sensors to be wired through.

B. Circuit Design
The circuit design for the water bottle is relatively simple,
as each component was separated into its own branch (See Fig.
5). Separating each individual sensor in parallel allowed the
same voltage flow to each branch of the circuit, but a different
amount of current, without affecting the other components.

E. Assembly
The two halves of the base were attached with 2-part
Gorilla® epoxy. The pH and TDS sensors were also attached
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Fig. 5. Circuit design of sensors working in parallel through the same voltage source

vertically with epoxy to the inner walls of the bottle, with the
wires threaded out from the drilled holes. The turbidity and
temperature sensors were placed in their respective holes in
the base, with the wires running out from the base through the
slits. These were then sealed with epoxy. The base and body
were attached with epoxy and the wires were connected to the
circuit breadboard. The bottle was then painted and the circuit
was attached to a wooden board. The complete bottle assembly
is illustrated in Fig. 6. The circuit was then assembled in the
breadboard and connected to the Arduino. The sensors were
connected according to the design. A complete picture of the
circuit, sensors and bottle is shown in Fig. 7.
F. Arduino Programming
An Arduino was used to process the data recorded from the
four sensors. The first step in getting the Arduino ready to
record data from the sensors was including and installing the
Arduino code libraries from each sensors respective manufacturer. Using this code, the Arduino was programmed to record
all the sensor data and save it to a variable, multiple times per
second. Using the algorithms provided by the manufacturers,
voltage values from the analog sensors were converted into
usable units of water quality field. Many of these algorithms
contained methods of accounting for fluctuations in values.
Some of these methods included recording the median or mean
of values recorded over a certain time interval.
In the portion of the Arduino code that continuously loops,
every time the loop runs, the calculated values for each sensor
are tested against set constants that constitute water safety
standards. These true values were checked against constants
that displayed the actual value needed of each aspect to
be considered clean water, as aforementioned above in the
background.

Fig. 6. Complete bottle assembly CAD model

If the liquid in the bottle passed for each aspect, the green
LED was programmed to illuminate. Otherwise, if one or
more aspects failed, the red LED would turn on. Once the
code was completed, a switch was attached between the power
source and Arduino, so the Arduino would not continuously
use electricity, but only when the user wanted.
G. Sensor Calibration
Each sensor was calibrated and tested to ensure their functionality. The temperature sensor was pre-calibrated from the
factory. To calibrate the turbidity sensor, distilled water was
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used as a reference. The sensor read a voltage of 4.7V in
distilled water, which was assumed to be the baseline point of
’not turbid’.This voltage was recorded for later use in testing.
The TDS sensor was also calibrated using distilled water, and
it was ensured that a value of zero was read in the water. The
pH sensor was also calibrated with distilled water, ensuring a
value of seven was read. The TDS sensor used the temperature
input to calibrate itself through code.

of 3.9. The accepted pH value of orange juice is 3.82 [25]. The
measured value had a difference of +0.08. When placed in the
basic testing solution (laundry detergent), it yielded a value
of 11.5. The accepted pH value of the laundry detergent, as
reported by the manufacturer, is 8.5-9.5 [26]. The measured
value had a difference of +2.5. When placed in the acidic
testing solution soda, it yielded a value of 3.25. The accepted
pH value of the soda is 2.37 [25]. The measured value had a
difference of -0.88.
2) Turbidity: (See Table I col. III) When the turbidity
sensor was placed in the turbid testing solution soil-infused
water, it yielded a value of 3.5 V. When placed in the turbid
testing solution coffee, it yielded a value of 4.65 V. When
placed in the mildly turbid testing solution tea, it yielded a
value of 4.68 V. Of the three substances tested, it was expected
for the soil water to have the highest turbidity, coffee to have
the second highest, and tea to have the lowest turbidity, which
was confirmed by the results.
3) Total Dissolved Solids: (See Table I col. IV) When the
TDS sensor was placed in a salt water testing solution of 200
mL of tap water with 2 grams of table salt, it yielded a value
of 1,231 ppm. When placed in a testing solution of 200 mL
tap water with 2.83 grams of pure cane sugar, it yielded a
value of 265 ppm. When placed in a testing solution of 200
mL of tap water with 1 gram of artificial sweetener, it yielded
a value of 303 ppm. It was calculated that, out of the three test
solutions, the salt water solution was the most concentrated,
the sugar water solution was the second most concentrated,
and the sweetener water solution was the least concentrated.
The test results differed from these expectations.

H. Testing
Individual sensor and complete system tests were performed
to evaluate the ability of the water bottle to accurately determine the safety of various liquids compared to water. Each
test was performed by filling the assembled water bottle with
a certain testing solution, submerging each sensor. After 30
seconds, results for each sensor were recorded in a table
(See Table I). For individual sensor testing, each sensor was
addressed with a specific set of three tests. The pH sensor
was tested with soda, orange juice, and laundry detergent. The
turbidity sensor was tested with coffee, tea and soil-infused
water. The TDS sensor was tested with sugar, salt and artificial
sweetener solutions. The temperature sensor, to be used with
the TDS sensor, was tested with distilled water at various
temperatures for calibration purposes. Complete system testing
involved testing various common water sources such as tap
water and bottled water in the bottle, as well as testing
mixtures of the individual sensor substances. An observation
was then made on which color LED was illuminated, showing
if the bottle read the liquid as safe or unsafe compared to the
standards of water.

TABLE I
R ESULTS OF I NDIVIDUAL S ENSOR T ESTS
Orange Juice
Detergent
Soda
Soil Water
Coffee
Tea
Salt water
Sugar water
Sweetener water

pH
3.9
11.5
3.25
6.9
5.6
6.6
6
7.1
7.1

Turbidity (V)
3.25
4.7
0.7
3.5
4.65
4.68
4.6
4.67
4.97

TDS (ppm)
741
10
348
236
870
380
1231
265
303

B. Complete System Testing
Distilled water was tested to have a pH of 7, a turbidity
of 4.7 V, and a TDS of 0 ppm, deemed safe and yielding a
green light. Bottled water was tested to have a pH of 6.1, a
turbidity of 4.7 V, and a TDS of 99 ppm, deemed safe and
yielding a green light. Tap water was tested to have a pH of
6.9, a turbidity of 4.68 V, and a TDS of 200 ppm, deemed
safe and yielding a green light. Soda was tested to have a pH
of 3.25, a turbidity of 0.7 V, and a TDS of 348 ppm, deemed
unsafe and yielding a red light. Soil water and sugar water was
tested to have a pH of 6.7, a turbidity of 0.67 V, and a TDS
of 35 ppm, deemed unsafe and yielding a red light. Laundry
detergent and salt water was tested to have a pH of 11.8, a

Fig. 7. Complete bottle assembly with sensor-integrated bottle, circuit,
breadboard, and Arduino

Water that is safe for drinking is indicated by a pH reading
between 6.5 and 8 [20], a turbidity reading at or above 4.6 v
[16], and a TDS reading below 900 ppm.
IV. R ESULTS
A. Individual Sensor Testing
1) pH: (See Table I col. II) When the pH sensor was placed
in the acidic testing solution (orange juice), it yielded a value
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TABLE II
R ESULTS OF C OMPREHENSIVE T ESTS OF A LL S ENSORS
Distilled Water
Bottled Water
Tap Water
Soda
Soil Water + Sugar Water
Detergent + Salt Water
Soil Water + Soda

pH
7
6.1
6.9
3.25
6.7
11.8
3.8

Turbidity (V)
4.7
4.7
4.68
0.7
0.67
4.67
0.93

turbidity of 4.67 V, and a TDS of 1270 ppm, deemed unsafe
and yielding a red light. Soil water and soda was tested to
have a pH of 3.8, a turbidity of 0.93 V, and a TDS of 230
ppm, deemed unsafe and yielding a red light. These results
are summarized in Table II.

TDS (ppm)
0
99
200
348
35
1270
230

LED
GREEN
GREEN
GREEN
RED
RED
RED
RED

sensors placed inside the bottle to external electronics through
holes in the model.
2) Original Circuit Design: Initially, the circuit was created
with more resistors than necessary. Using LTspice, a computer
program that simulates circuits with different electrical components, the circuit was drafted to control the amount of current
flowing through each sensor. Since all the sensors operate off
the same voltage, the circuit was designed so that each sensor
runs in parallel to the voltage source. To accommodate the
different amounts of necessary current for each sensor and the
two LEDs, additional resistors were placed in series with each
component to limit the possibility of a circuit shortage (See
Fig. 8).
The first branch contained the turbidity sensor, placed in
series with 3 separate resistors, all adding up to 28.2 Ohms
of resistance in that branch. The resistors were split into 3
parts to show which resistors would be used in the actual
circuit, as 10 Ohm and 8.2 Ohm resistors were available. With
the combined 28.2 Ohm resistance in the first branch of the
circuit, and the turbidity sensors 100 Ohm internal resistance,
39 milliamperes flowed through the sensor. The amount of
current flowing through the components was calculated using
Ohms Law (V=IR), which shows a correlation between voltage
and the product of current and resistance.
The second branch of the circuit housed the pH sensor,
whose only restriction was the amount of received voltage.
Due to its incredibly high internal resistance of approximately
250,000,000 Ohms, it was not necessary to include more
resistors to restrict the current flowing through the sensor.
The third branch contained the LEDs with an assortment of
resistors to limit the flowing current. The main section of this
branch was the two LEDs placed in parallel with each other,
creating two separate paths for the current to flow through
equally. In each of these sections, an 85 Ohm resistor was
placed in series before each LED to ensure a safe amount of
current flowed through the LEDs. A 10 Ohm resistor was then
placed in parallel to the main section to draw more current
away. By putting a low value resistor in parallel, the current
flowing to the LEDs was drastically reduced, allotting the
correct amount of current to each LEDs.
The fourth branch of the circuit housed the total dissolved
solids (TDS) sensor, which requires an extremely low amount
of current. A 750 Ohm resistor was placed in series before the
sensor to decrease the current to approximately 6 milliamperes
going through the sensor.

V. C ONCLUSION
A. Evaluation
The final constructed model was a successful prototype,
achieving the goal of creating a potential consumer bottle
with integrated sensors to test water quality. The results from
the pH and turbidity sensors’ testing matched the expected
results well, according to the composition of the test solutions.
Some minimal error may have been caused by natural chemical
differences in the substances tested, such as the pH level of
the laundry detergent varying when exposed to air. The results
from the TDS test did not exactly match expectations, due to
the fact that the TDS sensor measures ion concentration, and
the varying conductivity of each substance (salt, sugar, and
artificial sweetener) may have affected these results. However,
these errors were not significant and the bottle was accurate
relative to known values in determining the safety of water in
complete system testing. The bottle identifies potential risk
factors and clearly indicates the water safety through the
LEDs. The final design, measuring 7.3” tall with a 3” diameter,
was printed in resin using an SLA printer, and the sensors were
wired through the breadboard, connected to the Arduino, and
fit into the bottle.
B. Original Design
1) 3D Model: Originally, the top of the bottle was modeled
with a curved design similar to that of plastic water bottle. A
screw top was included as well, meant to tightly fit onto to the
bottle and secure it. A twist-lock mechanism was then modeled
to be included in the body of the bottle, in order to attach the
base to the midsection of the bottle. However, these parts were
removed from the final design due to time constraints and to
simplify the printing and assembly processes.
C. Circuitry
1) Circuit Integration: Originally, silver nanoparticles were
intended to be deposited inside the base of the bottle as a
conductive material to connect the sensor leads inside the
bottle to the converter and Arduino module. However, due
to time constraints, wires were used instead, connecting the
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Fig. 8. Original circuit design with labeled sensors and LEDs

turbidity, and TDS sensors integrated in this product were
rather cumbersome due to time constraints when obtaining
materials. With improvements, this product can become more
useful for the general public and successfully help users
determine the safety of their drinking water.

The last branch of the circuit contained the temperature
sensor and, similar to the TDS sensor, was placed in series
after a 4.7K Ohm resistor to restrict the current flowing
through, so the sensor would not be damaged due to high
current.
After wiring the circuit together, with the sensors and LEDs
fully integrated, the complete system functioned properly
without any resistors. The only resistor needed was the 4.7K
resistor for the temperature sensor. Since the other sensors
were all compatible Arduino parts, there was no need for
additional resistors, as the sensors and LEDs used the necessary voltage and operated on the correct current because of
their built in resistance. In addition, the circuit was rearranged
because of the positioning of the sensors in the bottle, so the
extending wires would not be strained.
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D. Improvements and Future Research
The water bottle may be modified in several ways to
optimize its function and design. More of the electronics
could be integrated into the water bottle, such as the red and
green LEDs being integrated into the side of the base rather
than placed externally on the breadboard. In addition, silver
nanoparticle deposition can be implemented as a method to
integrate the circuit inside the 3D-printed base of the water
bottle instead of using physical wiring to connect to an external
circuit. Electronics such as the computer chip, wiring, and
boards can be built into a separate compartment within the
base to make the water bottle compact and practical to use,
rather than having a large amount of external electronics
attached to it. Additionally, a more specific computer suited to
these purposes could be used for the product in order to make
it more powerful and accurate, rather than the Arduino, as
Arduino chips are for general purposes. The design of product
can be refined for users’ convenience, including a bottle top,
cap, and improvements in the body and base. Smaller, more
advanced sensors could also be used, as the temperature, pH,

R EFERENCES
[1] Water Quality, International Decade for Action ’Water for Life’ 20052015. [Online]. [Accessed: 20-Jul-2019].
[2] M. Denchak, Water Pollution: Everything You Need to Know, NRDC,
14-May-2018. [Online]. [Accessed: 20-Jul-2019].
[3] M. Denchak, Flint Water Crisis: Everything You Need to Know, NRDC,
08-Nov-2018. [Online]. [Accessed: 20-Jul-2019].
[4] R. Matulka and M. Greene, How 3D Printers Work, Energy.gov, 19-Jun2014. [Online]. [Accessed: 20-Jul-2019].
[5] F. P. W. Melchels, J. Feijen, and D. W. Grijpma, A review on stereolithography and its applications in biomedical engineering, Biomaterials, vol. 31, no. 24, pp. 61216130, Aug. 2010.

9

[6] The Ultimate Guide to Stereolithography (SLA) 3D Printing, Formlabs.
[Online]. [Accessed: 20-Jul-2019].
[7] SEN0161 DFRobot: Mouser, Mouser Electronics. [Online]. [Accessed:
24-Jul-2019].
[8] SEN0244 DFRobot: Mouser, Mouser Electronics. [Online]. [Accessed:
24-Jul-2019].
[9] DFRobot Gravity: Analog Turbidity Sensor for Arduino, Amazon.
[Online]. [Accessed: 24-Jul-2019].
[10] J. West, C. Charlton, and K. Kaplan, Conductivity Meters, Visual
Encyclopedia of Chemical Engineering. [Online]. [Accessed: 20-Jul2019].
[11] Gravity Analog TDS Sensor Meter for Arduino SKU SEN0244,
DFRobot. [Online]. [Accessed: 20-Jul-2019].
[12] Conductivity Meter, Omega Engineering. [Online]. [Accessed: 20-Jul2019].
[13] Temperature Coefficient of Resistance, HyperPhysics. [Online]. [Accessed: 20-Jul-2019].
[14] Temperature Compensation for Conductivity, Aqion, 25-Apr-2018. [Online]. [Accessed: 20-Jul-2019].
[15] Turbidity Sensor SKU SEN0189, DFRobot. [Online]. [Accessed: 20-Jul2019].
[16] National Primary Drinking Water Regulations. EPA, May-2009.
[17] N. Hancock, TDS and pH, Safe Drinking Water Foundation, 07-Dec2016. [Online]. [Accessed: 20-Jul-2019].

[18] T. Meirose, Essentials of pH Measurement. ThermoFisher Scientific.
[19] ”Temperature Dependence of the pH of Pure Water,” LibreTexts. [Online]. [Accessed: 20-Jul-2019].
[20] B. Oram, The pH of Water, Water Research Center. [Online]. [Accessed:
20-Jul-2019].
[21] Introduction, Arduino. [Online]. [Accessed: 20-Jul-2019].
[22] Engineering and electronics for kids: resistors, MakeCrate, 25-Jun-2019.
[Online]. [Accessed: 20-Jul-2019].
[23] T. E. of E. Britannica, LED, Encyclopdia Britannica. [Online]. [Accessed: 20-Jul-2019].
[24] J. Magelssen, Everything You Need to Know About the Form 2 3D
Printer, EAC, 30-Nov-2018. [Online]. [Accessed: 20-Jul-2019].
[25] A. Reddy, D. F. Norris, S. S. Momeni, B. Waldo, and J. D. Ruby, The
pH of beverages in the United States. American Dental Association,
2016.
[26] Arm & Hammer Liquid Laundry Detergent plus Oxiclean. Church &
Dwight, Ewing Township, NJ, 12-Jan-2015.

A PPENDIX

10

Fig. 9. Dimensioned Solidworks drawing of the water bottle body, including top view, side views, and isometric view

Fig. 10. Dimensioned Solidworks drawing of the water bottle base, including top view, side views, and isometric view
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