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In this work we exhibit an implementation of a method of spectroscopic analysis of several types
of beer using Beer’s law. This is achieved with 3D printing technology, smartphone cameras, and
statistical analysis. Statistical analysis is performed on the data found to determine estimates of the
linear attenuation coefficient within some error bounds. Overall, the results are satisfactory with
relatively low error. This enables us to make some general conclusions about types of beer based
off of these data.

CONTENTS

I. Introduction 1

II. Setup and Procedure 1
A. System Calibration 1
B. Design 2
C. Materials 2
D. Procedure 3

III. Results and Analysis 4
A. Recordings and Data 4
B. Statistical Analysis 4
C. Discussion 5
D. Interpretation 5

IV. Final Words 5
A. Recommendations 5
B. Conclusion 5

V. Figures 6

References 6

I. INTRODUCTION

Assuming a uniform attenuation in a medium, the ra-
diant flux φ(h) in a medium with a constant attenuation
coefficient follows the law

dφ(h)

dh
= −µ · φ(h) (1)

which is easily solved (via separation of variables) with
the solution

φ(h) = φ(0)e−µh (2)

We can define φ(h)
φ(0) = T (h) = T to be the transmit-

tance at depth h in the medium. Hence, we have the
Beer-Lambert law, given by

T = e−µh (3)

This law is used in spectroscopy of solutions. This
derivation is adapted from [3] for the case of a constant
linear attentuation coefficient.

The goal of this project is to demonstrate this law us-
ing a smartphone and a 3D printer. Specifically, we test
and analyze the transmittance of different types of beers
at different wavelengths. In this way, we 3D print the
apparatus used to demonstrate this and collect data on
a smartphone camera.

II. SETUP AND PROCEDURE

A. System Calibration

There are several components of the apparatus that
need calibration.

1. We first need to set the location of the laser on the
camera lens. This is accomplished by taking the
cavity portion of the apparatus off and shining the
laser straight down onto the smartphone through
the base. Be sure to place the button on the laser
pointer under one of the clamps so that the laser
stays on during the experiment. Do not tighten
the clamp too much to the point where it damages
the button. After this, the experimenter can ad-
just the laser in the vice so that it points directly
downwards onto the camera.

Once this is done, the experimenter can remove the
phone and mark a place with sharpie so that the
direction of the laser may be adjusted without the
phone in place. After this is complete, the laser is
calibrated.

2. The exposure settings of the camera must be cali-
brated as well, because by default the camera will
adjust in between shots and ruin any ability to com-
pare frames.

To do this, set the camera phone face-down on
a flat surface so that no light enters the camera.
Launch Open Camera (freely available on Google
Play Store, not owned by experimenters) and lock
exposure, lock focus, set no flash, set white balance
to incandescent. This is a consistent process that
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will allow us to obtain a consistent configuration of
the camera exposure from trial to trial.

3. The polarizer needs to be adjusted as well. To do
this, when the smartphone is not in the housing,
simply rotate the polarizer such that the transmit-
ted intensity of light is at a minimum. We are able
to achieve the minimum angle within 2◦ error using
techniques implemented in previous labs. We note
that this does not have an impact on our measure-
ments for the linear attenuation coefficients, as this
is fixed for each trial. In this way, we are only con-
cerned with the intensity of each data point relative
to the others in its set.

4. The side of the liquid cavity has a scale that mea-
sures the depth of the liquid. This was constructed
by making markings on a piece of paper using a
ruler known to be accurate within 0.1cm. Hence,
this dictates the error on each measurement made
for height. Note that this is the scale by which we
measure the height in the chamber, not the volume
left in the syringe.

5. The beer needs to be prepared for use in this setup.
Straight out of the container, most beers are too
carbonated to not produce bubbles on the top that
affect the transmittance. The most effective way
we found was to let the beer sit overnight so a lot
of carbonation dissipates.

6. The imaging program needs to be calibrated to de-
termine the error in the intensity as the videos are
being recorded. To do this, we take a several second
video of each wavelength with no beer in the cham-
ber. Then we split this video into separate frames
and calculate teh intensity of each and normalize
as described in the analysis section. Then, we may
calculate the mean and the variance of set of data
for each wavelength. In the case of indigo light, we
have a mean of 1.00 and a variance of 3.47 · 10−6.
In the case of red light, we have a mean of 1.00
and a variance of 5.70 · 10−6. In this way, the ver-
tical error bars on our plots are present, but barely
visible.

B. Design

The purpose of the apparatus is to allow the experi-
menter to vary the optical path length of the light in the
liquid. Hence, we 3D print a column that holds liquid,
under which there is a base that holds it and houses a
smartphone. Above this is a laser mounted in place with
a polarizer in between. A picture of the design with all
components except the smartphone is shown in Figure 1.

The 3D model itself was designed in Autodesk 123D
Design [1], and 3D printed on a Lulzbot Mini. These
aspects are discussed more in the materials section.

Here are some notes on the design.

FIG. 1. Complete setup with some samples of beer.

1. Base allows the smartphone to slide in just enough
so that it does not move from experiment to ex-
periment. In this way, the laser points at the same
place on the camera in each trial. The laser is cal-
ibrated in a specific, consant orientation as such.

2. The polarizer in between the output of the laser
and the liquid cavity is present to allow the ex-
perimenter to decrease the intensity of the beam,
so that the camera phone can distinguish between
heights. This, too, is calibrated according to our
specifications.

3. The base includes an opening for the light to pass
through from the liquid cavity. There must be some
barrier preventing the liquid from pouring onto the
phone, so on the bottom of the cavity we have at-
tached a cut out portion of a piece of an overhead
transparency.

Since the original design was printed, we have made
some improvements to the original design to improve
portability. This includes printing a case that houses im-
proved versions of the original apparatus. Improvements
include pegs to secure the base and the cavity, a housing
on the top to hold the laser in place. A picture of the
pieces in the box is shown in Figure 2, and a picture of
the apparatus assembled is shown in 3.

C. Materials

1. The most expensive component of the setup would
be the 3D printed materials, were we required to
pay for these. The quality of the components
printed are fairly good. The degree to which the
apparatus was accurate in terms of lengths. More
specifically, the error in the x and y directions was
at max 0.2mm [2]. The only problems experienced
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FIG. 2. Improved design in container.

FIG. 3. Improved design in assembled form.

involved liquid leaking through the seams in be-
tween each layer of printed material. This was re-
solved using super glue that was not water or alco-
hol soluble. The 3D printed materials were created
in the optics lab, which we did not have to pay for.
The total cost was $0.

2. The most expensive material used was the actual
beer. The choice of beer was a variety pack by New
Belgium Brewing Company that included several
beers. The beers purchased were Citradelic (India
Pale Ale), Ranger (IPA) , Rampant (IPA) and Fat
Tire (amber ale). We also purchased Old Rasputin
(Russian imperial stout) as it is very dark, and very
little light can be transmitted. This was to get a
larger range of transmittance values. The total cost
of the beer was $25 at a local liquor store.

3. We needed a plastic syringe to put the beer into the
liquid cavity. The readings on the volume in the
syringe are not accurate enough for measurements.
Hence we have another method of measuring the
height. This is discussed in the calibration portion
of the report. The syringe chosen has maximum
readable volume of 60mL. The total cost of this

was $5 on Amazon.

4. The lasers used were provided by the instructor.
The original plan was to perform all trials at three
different wavelengths. The red laser has wave-
length 650nm±10, the indigo laser has wavelength
405nm ± 10, and the green laser has wavelength
532nm±10. Unfortunately, the button on the green
laser provided was very difficult to control, and
pressing the button in different ways would yield
different intensities of the outgoing beam. Even-
tually, the button gave out altogether before the
trials involving water were concluded. Hence, only
the red and the indigo wavelengths are used. The
total cost of these lasers is $0, thanks to the in-
structor.

5. The material used to cover the bottom of the liq-
uid cavity is a small, cutout portion of overhead
transparency paper. This was chosen as it should
not cause much distortion, as it is used in optical
applications. This was provided by Dr. Wiegert,
free of charge. The total cost was $0.

6. Most importantly, we used a Nexus 5X smartphone
to take the pictures and Open Camera (available on
the Google Play Store) for the camera software.

7. All other materials used were basic components
used in the optics lab. This includes braces for
holding the phone, clamps for setting up and hold-
ing the polarizer and laser, and the polarizer itself.

D. Procedure

Here we describe the procedure for gathering one
dataset for a single beer and a single wavelength. Some
of the steps included are calibration steps, and are refer-
enced as such.

1. This step is preferably done the night before. Open
beer and let it sit until the carbonation dissipates.
This can be done in several ways. This is described
in the Calibration section.

2. Calibrate the laser so that the laser points directly
on the smartphone camera. This is described in
detail in the Calibration section.

3. Calibrate the polarizer so that minimal light passes
through. This is described in detail in the Calibra-
tion section.

4. Fill the syringe with the largest possible reading of
60mL, and place upright (with needle facing up) on
table.

5. Calibrate the phone to the specifications in the Cal-
ibration section.
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FIG. 4. Sample of low transmission indigo light through wa-
ter.

6. Start the video recording and place the phone in
the apparatus so that it is fixed in place according
to how the orientation of the laser is calibrated.

7. Start to fill the apparatus.

(a) Announce the current reading on the scale on
the side of the apparatus. This is given in
millimeters.

(b) Insert the beer into the liquid cavity from
above until the you reach the next desired
height.

(c) Wait until the bubbles have died out, and the
liquid has stopped moving. Alternatively, take
a paper towel or something else and place it
just above the surface of the beer as to pop and
absorb bubbles. If this step is taken, however,
make sure that this does not affect the reading
on the height on the side of the apparatus, or
at least take this into consideration.

(d) Repeat this process until a desired height is
reached.

8. Set down the syringe somewhere liquid safe.

9. Remove the liquid cavity from the apparatus and
dispose of beer.

10. Remove the phone from the apparatus and stop the
recording.

11. Wash the syringe and liquid cavity with water for
the next experiment.

A sample of what should be seen in the video is
provided in Figure 4.

III. RESULTS AND ANALYSIS

A. Recordings and Data

The primary data collected are images collected from
the videos recorded. This data is provided in the project
Dropbox. The link to all the data sets and analysis cod-
ing files are in http://bit.ly/beerslawoptics.

Because of this, the lab notebook kept during experi-
ments does not contain as many measurements as a typ-
ical notebook. However there are still procedures and
small notes about how to collect and process data. This
is provided in http://bit.ly/beerslawnotebook.

B. Statistical Analysis

To obtain information about the linear attenuation co-
efficient in each case, we perform curve fittings in the
following way.

1. Specify a beer and a wavelength that is being used.

2. For this video, take the set of frames for which
heights are called out, as in the procedure.

3. Create a pair that includes the height hi and the
image intensity Ti. The image intensity is obtained
by summing over the entire RGB array of pixels in
each image.

4. Normalize the dataset by dividing each intensity by
the intensity for which hi = 0. This defines a point
for which the transmission is unity.

5. Fit the dataset containing pairs (hi, Ti) to the func-
tion Ti = T0e

−µhi+d. The value of T0 is a scaling
factor close to 1, and the value of d is an offset pa-
rameter that accounts for the optical path length
of light through the air. This parameter is small as
well. Finally, µ is the linear attenuation coefficient
that we are most interested in.

After this process, for each beer and wavelength a value
of µ is obtained and the associated error. Moreover, we
are able to provide plots of each fitting overlaid with the
original data points, as well as the residuals. These are
shown in Figures 5 - 12. As we can see in most cases, the
fits are acceptable. Details of each fitting are discussed in
the the captions of respective fits. Note that in each case,
the vertical error bars are present, yet trivially small, as
discussed in the calibration section. The horizontal error
bars are a constant 0.5cm, as this is the most precise
scale we used for the rule on the side of the apparatus.
The results of the fittings are discussed in detail in the
discussion section.

http://bit.ly/beerslawoptics
http://bit.ly/beerslawnotebook
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C. Discussion

The results of the fittings for each beer and wavelength
are presented in the following table along with each error.
Each value presented is the appropriate linear attenua-
tion coefficient, µ, given in cm−1.

Beer Indigo Red
Rasputin 5.15 ± 0.30 0.98 ± 0.06
Citradelic 0.99 ± 0.07 0.19 ± 0.02

As is quantiatively clear in the values of µ obtained,
the errors are fairly small compared to the values, and
are what we would expect.

D. Interpretation

The interpretation of the values of µ obtained are as
follows. The larger a value of µ is, the less light passes
through the medium in total. This is what we would
mathematically expect by the law presented, but also
makes intuitive sense based on what the beers used look
like. The Rasputin is a Russian Imperial stout, and is
very thick and dark to the eye. Hence, the values of µ
are in general larger than those of the Citradelic beer.
Conversely, the Citradelic beer is fairly lighter to look
at than the Rasputin, as it is an IPA and brewed with
citrus.

Furthermore, we see that the error scales somewhat
proportionally with the value of µ itself. This makes
sense, as for larger µ, it is more difficult to distinguish
between different intensities of light, because very little
amounts of light are passing through the medium.

IV. FINAL WORDS

A. Recommendations

To minimize error in this procedure and implementa-
tion, we suggest the following changes and some problems
experienced.

1. The amount of bubbles caused by carbonation in
the beer was very inconvenient and difficult to get
reliable results from. This was ameliorated by flat-
tening the beer overnight and absorbing bubbles
on the top with a paper towel. Ideally this should
not have been such a large problem, but this was a
major factor in obtaining reliable results for us. If
possible, less ”heady” beers should be avoided.

2. The way the 3D printer chooses a pattern to print
made it so that our design came out to have gaps
in the interior walls of the apparatus. This made it
so that when modifying the apparatus, there were
large holes in the sides, causing it to leak. The holes

were patched up with superglue in the end. If we
were to re-do this experiment, we would choose a
better 3D printer so that this would be avoided.

3. Calibrating the orientation of the laser was fairly
easy, but in reality the laser beam refracts off
the surface of the liquid because it is not flat in
all places, and causes different refraction patterns
when entering the smartphone camera. This seems
to cause erratic behavior in the data in some places,
as the refracted beam could land above, below, to
the left of, or to the right of the smartphone cam-
era. A possible improvement would be to use a
diffuser so that at no point the beam is pointing
directly onto the camera lens, but instead coming
diffusely from all directions.

4. It would be interesting to obtain more possible
wavelengths of light using a monochromator so the
full visible spectrum of a beer could be measured.
In particular, one could explore the linear attenu-
ation coefficient by introducing wavelength depen-
dence as T = e−µ(λ)h, where λ is the wavelength.

5. To improve the methods described, it would be use-
ful to perform this process on a sample of water for
which we know the value of µ at each wavelength
tested. In this way, we could have a more concise
measure of error with which we could propagate our
other errors. This was not analyzed, as these values
of µ for water were not available at the wavelengths
we are testing. Water was used to run test trials
on the device before purchasing the beer, however.
An example of this is shown in Figure 4.

6. We note that the recorded values are not publically
available, and so we have nothing to compare these
measurements to. We highlight the importance of
this note, as it would be possible to use water to
determine the accuracy of our instrument, but the
values mesaured for water are not available. Had
we done this, we could propogate the error as de-
scribed above.

7. Finally, it would be interesting to see a large num-
ber of beers compared with this method. This was
not carried out because of time restrictions, as the
flattening process for the beer takes a long time.

B. Conclusion

Finally, we conclude that this procedure of finding the
linear attenuation coefficient is acceptable and yields er-
rors within a tolerable range for estimation purposes.
The sources of error are understood, and methods to
improve on are provided in the Recommendations sec-
tion of the report. Overall, the researchers are pleased
with the results and did not expect errors as small as the
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FIG. 5. Fit versus actual data points from Citradelic IPA
using red laser.
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FIG. 6. Residuals of fit from Citradelic IPA using red laser.
The first point h = 0 is omitted from the plot, as it is at unity
and throws off the scale of the rest of the graph.

ones obtained. In this way, we conclude that 3D print-
ing apparati for optical experiments (at least similar to
this method) and analyzing data with smartphones is a
viable method of experimentation.

V. FIGURES

[1] Autodesk. Autodesk 123d design, 2016.
http://www.123dapp.com/design.

[2] D. P. for Beginners. Lulzbot mini review: Compact, pow-
erful yet easy to use, 2016.

[3] Wikipedia. Beer - lambert law - wikipedia, the free
encyclopedia, 2016. https://en.wikipedia.org/wiki/Beer-
Lambert law.
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FIG. 7. Fit versus actual data points from Citradelic IPA
using indigo laser. The first point h = 0 is omitted from the
plot, as it is at unity and throws off the scale of the rest of
the graph.
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FIG. 8. Residuals of fit from Citradelic IPA using indigo laser.
The first point h = 0 is omitted from the plot, as it is at unity
and throws off the scale of the rest of the graph.
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FIG. 9. Fit versus actual data points from rasputin IPA using
red laser.
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FIG. 10. Residuals of fit from rasputin IPA using red laser.
The first point h = 0 is omitted from the plot, as it is at unity
and throws off the scale of the rest of the graph.
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FIG. 11. Fit versus actual data points from rasputin IPA
using indigo laser. The first point h = 0 is omitted from the
plot, as it is at unity and throws off the scale of the rest of
the graph. Moreover, we see that the fit is shifted vertically
slightly for most points. We attribute this to the fact that
the transmission is so small that the images are essentially
pitch black for these hi. In this way, the minimum sum of
each intensity is smaller than what the fit predicts.
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FIG. 12. Residuals of fit from rasputin IPA using indigo laser.
The first point h = 0 is omitted from the plot, as it is at unity
and throws off the scale of the rest of the graph.
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