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Abstract

The human body gets its energy input from food and gives an energy output in the form of
mechanical work and heat. In the process, carbon dioxide and water vapour are released. In
an experiment this process can be analysed in several ways. A person is placed in a
thermally insulated box of a little more than 1 m’. The temperature, the relative humidity,
the carbon dioxide concentration and the oxygen concentration are measured continuously
by a data logger for 5 minutes. From the measurements you can analyse and calculate the
thermal power of the body in several ways, taking into account the sensitive heat, the latent
heat and the chemical energy released.

The experiment can also be used as the basis for discussions on indoor air quality in e.g. a
classroom and the global greenhouse effect.

1. Introduction

At the upper secondary school level and at elementary university studies in science and
physics, the concept of energy needs to be treated thoroughly. Concepts such as different
forms of energy, energy conversions and power have to be considered from different
perspectives, in a variety of experiments and every day applications in order to give the
student the opportunity to build up a correct understanding

The human metabolism serves as an excellent example on energy conversions, which can be
studied experimentally and analysed both qualitatively and quantitatively on several different
theoretical levels. These experiments can be varied to suit different needs in students from 10
years up to elementary university studies in physics and science.

The body may be compared to a power plant. The input is bio energy stored in vegetables or
meat. The output energy is external work and internal heat, while the exhausts are mainly
carbon dioxide and water vapour. It may thus be used as an example of the process of
combustion in industry, transport (cars) and house warming. The difference between the
climatic consequences of carbon dioxide releases from fossil fuels and from bio fuels may be
discussed.

In a poorly ventilated classrooms the heat, carbon dioxide and humidity from the human body
are often obvious, and may give rise to incomfort, tiredness and headache. The experiment
also gives a basis for discussing indoor climate and ventilation.




2. Background

2.1 The metabolism and the energy balance of the human body

The basic steps of the metabolism are described in various textbooks for secondary school
(i.e. M. Hollins: Medical Physics [Hollins 2001]) and university level (i.e. J. A. Pope: Medical
Physics [Pope 1989]). A more thermodynamic approach, which will be used here, is found in
N. Mason and P. Hughes: Introduction to Environmental Physics [Mason 2001].

The energy balance of the human body is built up from an energy input and an energy output.
The energy input is delivered by the metabolism, where chemical energy from food is
released in an oxidation process where enzymes act as catalysts. The process may be briefly
described as the oxidation of glucose to carbon dioxide and water, where energy is released.
The energy is stored in adeosine triphosphate, ATP, in a form easily available for the cells.
The overall process could be described by

C,H,,0, +60, — 6CO, + 6H,0+2,9 M]

The reaction formula tells us that when 1 mole of glucose is converted we get 6 moles of
carbon dioxide and 6 moles of water while 2.9 megajoule energy is released [Kuchel 1997].
The uptake of oxygen is equal to the release of carbon dioxide in moles and thus in volume of
pure gas at atmospheric pressure.

The energy output is in the form of heat and external work. The heat is dissipated from the
body to the surroundings, due to a temperature difference between the body and surrounding
air. Thus the body is kept at a temperature of 37 °C, rather constant due to a temperature
regulation mechanisms in the body. Heat may be transported as sensitive heat whereby the
temperature of the surrounding air is raised. The mechanisms of sensitive heat transport are
conduction, convection and radiation. The heat may also be transported as latent heat, when
water is evaporated from the skin or by breathing.

External work may be e.g. lifting bricks up to a wall or sawing firewood. The energy is stored
as potential energy in the bricks or dissipated as heat in the firewood and the saw. Internal
work is done by the heart, lungs etc. All the energy for this work is dissipated to the body as
heat, and is therefore included in the heat released by the body.

For a body at rest, a steady state condition exists, where
Energy input = Energy output
The corresponding power is denoted as the Basic Metabolic Rate, BMR.
The energy balance of the body may be described by the equation
M=C+E+W
where
M = power released into the body from the metabolism

C = power dissipated from the body as sensitive heat through conduction,
convection and radiation.




E = power dissipated from the body as latent heat through evaporation from the
skin and from the breathing organs.
W = power dissipated from the body as external work. At rest W = 0.

The BMR is 60-100 W for an adult person, while the power during daytime, at sedentary
work may be 80-175 W [Pope 1989]. It varies due to sex, age and weight. A semiempirical
formula for M for a sitting person at sedentary work is given in [Arbete-Mdnniska-Teknik
1997]

M =8-m® watt

where m is the mass of the person.

2.2 Indoor air quality

The air quality in a poorly ventilated classroom filled with students changes very fast. An
important parameter is the carbon dioxide concentration, which nowadays is about 400 ppm
in pure air. Higher carbon dioxide concentration causes tiredness, reduced attention and
headache. A maximum value of 1000 ppm is recommended by health authorities in order to
insure good air quality [ Ventilation och luftkvalitet 1993].

2.3 Carbon dioxide increase and global warming

The role of carbon dioxide in global warming has been thoroughly discussed in a lot of
reports [Houghton 2001]. The net increase in carbon dioxide concentration of the air is due
mainly to exhausts from combustion of fossil fuels. The exhausts from bio fuels as well as
from respiration do not give any net increase under steady state conditions, where the
harvested area is replanted. This is because the carbon forms part of a cycle where carbon
dioxide is taken from the air during photosynthesis at an earlier part of the cycle.

2.4 Students’ understanding.

A number of investigations [Solomon 1992, Andersson 2001] show that students’
understanding on energy conversions and energy conservation is often insufficient. Energy
that dissipates as heat to the surrounding, is often disregarded, and energy is thought of as
being consumed in energy conversions. Also, the word “energy” is used in a non-physical
sense in everyday speech, such as “I get energy from a cup of black coffee” or “At the
meeting the air was loaded with positive energy”.

Solomon [1992] reports that the answers to the question “What is energy?” often draw
attention to different aspects of living creatures. Two meaning themes can be found, one
focusing on the health (“we need energy to live”), the other focusing on human kinetic energy
(“we need energy to move”).

When students are asked about matter transformations in photosynthesis, the role of carbon
dioxide is often neglected. The fact that over 90 % of the material (dry substance) in living
beings (and thus also in food and bio fuels) is built up from atoms from carbon dioxide in the
air is not a common understanding [Andersson 2001]. The role of the gas as matter is not fully




understood. This is also evident in asking students about the reasons behind the increased
greenhouse effect. Many students believe that the energy release from cars’ engines is the
reason for global warming [Boyes 1997].

3. Aim of this study

The aim of this study is to present an experiment in which you may show, measure and
analyse the different contributions to the energy balance of the human body. It also shows the
matter flow (oxygen, carbon dioxide and water) of the metabolism. The experiment thus gives
a basis for strengthening the conceptual understanding of the processes of energy
conservation and metabolism. It also gives a starting point and support for discussions on the
role of carbon dioxide in global warming and on indoor climate and ventilation.

4. Experimental details
The experiment is carried out in a thermally insulated and tight box of 1.4 m®, Figure 1. It has
inner and outer walls, roof and floor made
from plywood. The inner and outer layers
are insulated from each other by 7 cm of
polystyrene foam. One wall is detachable
and serves as a door. It is held in place
with magnetic lockers and is sealed from
rubber strips. '

Inside the box at the back wall, four
probes from Vernier Software and
Technology are mounted, Figure 2. They
measure temperature, relative humidity,
carbon dioxide concentration and oxygen
concentration. They are attached (through
a hole in the roof) via a Labpro interface to
a computer with LoggerPro software. The
software is prepared for measuring the
four values from the probes every tenth
second, for a period of 5 minutes.

Figure 1. Box for measuring the
power of the human body.

" A detachable box of this type, as well as probes, software and manual [Areskoug 2001], may be purchased
from Zenit laromedel, zenit@zenitlaromedel.se, www.zenitlaromedel.se.




A student is asked to sit in the box.
The student should wear light
clothes in order not to prevent the
heat transport from the body, and is
instructed to sit so that breathing is
not directed at the probes.

The door is locked and the data
collection is started. The remaining
students may follow the data
collection directly on the computer
screen, where four diagrams show
the measured values as a function

of time.

Figure 2. Probes for (from left to right) carbon dioxide,
temperature, relative humidity, oxygen.

After five minutes, the student is let out and interviewed on her feelings about the air quality
inside. Her fellow students may also take a breath at the door opening to control the air

quality.

For analysis of the temperature values, you need a calibration of the rise in box temperature
with known thermal power. Therefore, after the box has been ventilated and the temperature
has returned to its initial value, new data collection is started with a 25 W lamp inside.
Finally, a similar data collection with a 100 W lamp is performed.




5. Experimental results

An example of results is shown in Figure 3. The test person was a man of 80 kg. In this case,
the data collection started before the box was closed. Therefore, the relevant data used for
analysis are from the time period 50-350 seconds. During these five minutes, the temperature
rose by about 3 °C. The relative humidity increased from 26 to 33 %. For carbon dioxide, the
increase was drastic, from 500 to 1900 ppm (parts per million, measured by volume). The
oxygen, finally, decreased by about 0.2 units of percent.
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Figure 4. Temperature data from human body, 25 W
lamp and 100 W lamp in the box.

% A control showed that the correct power of the lamp marked 100 W was only 95 W.




6. Calculations and results

6.1 Temperature measurements

Figure 4 allows us to assess the power from the rate of increase of the temperature, shown by
the slopes of the curves. It can be concluded just by glancing at the figure, that the power of
the human body is a little more than 95 W. For a more precise analysis a measurement of the
slope has to be made. In Figure 5 the program LoggerPro has performed linear regressions for
the time period 50-350 s. The temperature increase per time period is denoted m. The results
are given in Figure 5.
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Figure 5. Linear regressions performed on temperature data for the time period 50-350 s. The
temperature increase m in degrees C per second is calculated.
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The power P should be proportional to the temperature increase per time period, m. A
calibration diagram can be made, using the two known data pairs from the lamps for finding a
calibration line, Figure 6.

The reason for the line not passing through origo may be (apart from lacking precision in the
measurements) that the temperature in the box exceeds the surrounding temperature, which
means that a rest power is needed even to maintain constant temperature.
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Figure 6. Calibration diagram for evaluating the power from
temperature increase per second. Two calibration points are given
by the lamps. The power of the human body is found to be 120 W.

6.2 Carbon dioxide measurements

The carbon dioxide concentration increases from 503 to 1956 ppm during the time interval
50-350s.

This increase (1453 ppm) in a box with volume 1.4 m’ corresponds to a volume ¥ of pure
carbon dioxide at atmospheric pressure:

1453-1.4

= m’ =2.03 dm’
1000000
As one mole of a gas has the volume 22,4 dm’, this corresponds to:

= & moles = 0.0906 moles
22.4

From the reaction formula [Kuchel 1997]
C.H,0,+60, - 6CO,+6H,0+29M]

the release of 6 moles of carbon dioxide corresponds to an energy release of 2.9 MJ. Thus the
present energy release is:

0.0906 29MJ=434Kk]

The corresponding power during the time period of 300 s is:




3
4341007 _ o w
300 s

Thus you may conclude that the power released by the metabolism in this experiment is

M=145W

6.3 Relative humidity measurements

The relative humidity increases during the experiment. Water is evaporated from the skin and
from the breathing organs. Evaporation needs energy and so energy is dissipated from the
body as latent heat. In Table 1 the amount of water in saturated air (i.e. at relative humidity
RH=100%) is given.

Table 1. Water content of saturated air.

Temperature / °C 20 21 22 23 24 25 26 27

Water content / g per m® |18.5 [19.7 [20.9 [22.2 [23.6 |25.1 [26.6 [28.2

Using the experimental values from start and stop, interpolating for temperature and
multiplying by the relative humidity, the absolute water content in gram is received, Table 2.

Table 2. Temperature, relative humidity and corresponding water content of air.

Experimental Experimental Calculated water content in
value value grams per m’ of air
Temperature Relative humidity
T/°C RH | %
Startatt=50s 229 27.2 6.0
Stop at t =350 s 25.7 33.1 8.7

The increase in water content in the box (volume 1.4 m3) is:
m,,. =14-(87-60)g=38¢g

Given the specific evaporation heat of water (2260 J/g) and the time period (300 s), the power
E dissipated from the body by evaporation may be calculated:

_3.8-2260 J
300 s

E =29 W




7. Analysis and discussion

7.1 Metabolism

The results are summarized in Table 3.

Table 3. Calculated values of the power of the human body.

Power released by metabolism, M=145W
(analysed from carbon dioxide measurements)

Power dissipated as sensitive heat, C=120W
(analysed from temperature measurements)

Power dissipated as latent heat, E=29W
(analysed from relative humidity and temperature measurements)

Power dissipated as external work W=0

The experimental results are in good agreement with the energy balance equation
M=C+E+W

The total power released is greater than the basal metabolic rate as the test person was not in
complete rest. From [Pope 1989] a power of 80-175 W for a sitting person is expected. A
semiempirical formula from [Arbete-Mdnniska-Teknik 1997] can also be tried (m being the
mass of the person):

M=8m> W=8-80" W=149 W

7.2 Indoor air quality

The situation in the box may be compared to that in a classroom. The volume of an ordinary
classroom may be 150 m®, with 30 students. Every student thus “owns” 5 m® of air, compared
to 1.4 m’ in the box. The same changes in air quality as in the box are likely to appear in a
poorly ventilated classroom, but about 4 times more slowly. The recommended limit for
ventilation, 1000 ppm of carbon dioxide will thus be reached in less than half an hour. This, in
combination with high temperature and humidity, may lead to tiredness and reduced attention
[Ventilation och luftkvalitet 1993]

An interesting result is that the decrease in oxygen concentration seems to be very low. But
after careful examination it is shown to be about 0.2 units of percent. The increase in carbon
dioxide concentration is roughly 2000 ppm, which is equal to 0.2 percent. It is thus shown, in
accordance with the reaction formula, that the changes are equal in absolute numbers. Due to
the rather high starting value (~20 %) for oxygen, compared to the very low (~400 ppm) for
carbon dioxide, the relative changes differ drastically. So, when the air quality is felt to be
bad, to say “the oxygen is used up, we have to ventilate”, is never the correct. The reason for
the poor air quality is that the carbon dioxide concentration is too high.




7.3 Carbon dioxide increase and global warming

A discussion on the origin of carbon dioxide reveals the fact that carbon is part of a cycle. The
test person gets it from food, and the food gets it from the air via photosynthesis. Thus,
respiration and bio fuels do not give any net increase in carbon dioxide affecting the global
warming.

7.4 Precision and relevance

The precision of the measurements is subject to a lot of uncertainties. The probes are located
at the back wall of the box and the circulation of air is low. Variations in collected data may
result from this. A fan to insure better circulation would introduce an extra power release. If
the test person is instructed to wave with a booklet twice a minute, the data seem to stabilise
(although the test person is not longer completely at rest).

As the carbon dioxide concentration and the relative humidity of expiration is high, it is of
great importance not to breathe onto the probes.

It may be thought that the analysis of temperature data could be carried out using only the
heat capacity of air to calculate the energy needed to give the air the observed temperature
increase. This is, however, not true. Such a calculation results in a power of only about 15 W,
obviously too low. The reason is, that the thermal capacity of the walls, although they are
designed to minimise heat absorption, dominates greatly over the air. In the analysis described
here, this effect is balanced by the calibration procedure.

A lot of details in the analysis can be performed with greater precision. Some examples:

The volume of the box should be subtracted by the volume of the test person to give the actual
volume of air.

The value of the mole volume of a gas, 22.4 1, used in the analysis of the carbon dioxide data,
is valid at 0 °C.

Even if the box is ventilated between the measurements and the air temperature at start is the
same for the test person and the calibration measurements, some heat may be stored in the
walls of the box and disturb the measurements.

The heat of evaporation for water is somewhat higher at room temperature than the standard
value (2260 J/g) used in the calculations.

As the aim of the experiment is not to give high precision results, but to give support to a
deeper understanding of the concepts involved, a more precise and detailed analysis would
probably hide the essential parts of the experiment from the students. Although the results are
often more inaccurate than in the example reported here, they always give support for
discussing the energy balance and the contributions from the different terms on the right hand
of it.

7.5 Students’ understanding

For students who are not familiar with the different steps in the calculations, it could be a
good idea for the teacher to pre-calculate the calibration curve (Figure 6) or to present a
calibration constant like “A temperature increase of 1 degree during 5 minutes in this box
corresponds to a power of X watt”. In a similar way it is possible to pre-calculate a calibration
constant for the carbon dioxide: “An increase in the carbon dioxide concentration with 1000




ppm during 5 minutes in this box corresponds to a power of Y watt”. For the relative
humidity, however, it is not that easy to present a calibration constant, as it is a function of
two parameters.

In many contexts, i.e. with younger students, the most suitable way of analysis is simply to
view the data on the diagrams online during the experiment, and start a discussion focused on:

What happens?

Why is the temperature increasing?

Where does the carbon dioxide come from?

Where does the humidity come from?

What happens with the oxygen?

What is changing most rapidly?

How does everything relate?

Compare with what will happen in a classroom! On earth!

Do we have to stop breathing to save us from the global warming?

The two meaning themes of the concept of energy, found by Solomon [1992] were “we need
energy to live” and “we need energy to move”. The first one may be associated to the left
hand side of the equation

M=C+E+W

The energy needed for life is supported by food via metabolism M. The second meaning
theme is clearly associated to the right hand side and the work performed by the body, W. The
heat needed for keeping the body at suitable temperature and dissipated to the environment, C
and E, is not identified in the themes. The experiment gives support for a fusion between the
two meaning themes. The energy delivered by metabolism is converted to energy for heat and
movement. The concepts of energy conversion and energy conservation are introduced. An
evident shortcoming of the experiment is that the energy for movement, W, is zero. But the
experiment may easily be extended to include work. In a second experiment, when half the
time has passed, the test person is asked to lift weights or perform body-lifting movements.
The increased metabolism is very clearly identified in oxygen consumption and carbon
dioxide release. At the same time the dissipated heat (C and E) increases.
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Abstract

The introduction of the concept of acceleration is often done in a rather formal way, with a
kinematics description based on uniformly accelerated motions. In general, this approach does
not raise an enthusiastic interest in the students, the main reason being that the spontaneous idea
of acceleration is based on everyday life experience, where the dynamical aspects prevail on the
kinematics, in particular those connected with impulsive and transient forces, such as the
acceleration of a Ferrari “Formula 1 car, or the initial sprint in a “100 meters” competition.

In this contest, we have experienced that the use of a portable graphic calculator connected with
a SONAR can be very useful, because the data of the transient velocity variation can be acquired
with sufficient accuracy to allow a subsequent analysis which can relate them to the dynamics.
Examples will be given and results of an experimentation carried on in two High School classes
will be reported, as well as those of a partial experimentation of the basic approach done in two
classes of a Junior High School.

There is now a rather rich literature on the use of on-line technologies in the physics laboratory
[1], which shows all the potentiality of this instrument. Our experience is in line with these
results, in particular with the support given by this method to the formation of physics concepts.

Models for velocity and acceleration

We always try to approach a new concept starting from everyday life experience, rather than
from a formal definition. For the velocity, we start from a normal walk or a race: one student
walks or runs for a given distance, while another student measures the time needed with a
manual timer and the average velocity can thus be immediately calculated. However, in order to
build a realistic model of the velocity in a real walk or in a real race, more data are needed,
because it is evident that the average velocity is a poor description of the motion, since it
neglects all the transient phases which have aspects of great interest for the formation of physics
concepts. The velocity changes not only at the start but also between the steps, because there
must be a slight deceleration when the foot touches the ground immediately followed by an
acceleration due to the sprint against the floor. The questions that the student can ask are
therefore:

- How long does it take, when we start, to reach the regime velocity?

- One step is sufficient or more steps are needed?



- The behavior is the same during a walk as in a run?
- What happens at the final stop?
- How large are the variations of velocity at each step?

The questions can rise a large interest in young students, in particular if they are associated
with a sport competition. For example, it is well known that in a 100 meters run, much of the
result is due to a good start, because it depends crucially on the fact that the regime velocity is
reached rapidly. These questions also provide a very good introduction to concepts which are
generally considered difficult to understand, such as the concept of acceleration, which is
essential to proceed from kinematics to dynamics, that is to associate the velocity variations to
the forces which cause them. The discussion can then naturally evolve to discover the
importance of the static friction, which is another concept very often neglected in physics text
books in favor of the more popular dynamic friction, while its role is at least equally
important.

To reach this result, a more realistic model of the motion during the walk is needed, which
requires obtaining good data, only available with a good “RTL” (Real Time Laboratory)
system, since, with the data that can be obtained with a pocket ruler and a timer, only a very
rough model, based on reasonable inferences, can be proposed. On the contrary, with an RTL,
the model can be much better defined, because one can really explore and measure directly
the relevant aspects and, with the evidence of the measures, also the related concepts become
more clear.

In the following, we will first discuss the measures that can be done with a timer and a
pocket ruler and that must be performed, in our opinion, before using the RTL acquisition
system in order to allow the students to understand the problem, build the first rough model
and pick up the relevant variables. We will then discuss the RTL measurements and their
analysis.

Measurements with a timer and a pocket ruler

The following activities were proposed, with small differences, in two junior high schools.
Only the most relevant parts will be summarized. As a first activity a student is asked to walk
for a given distance, possibly along a curved path; the distance is measured with a pocket
ruler, the time with a timer and the number of steps is recorded. The measurements are then
repeated with a student which runs instead of walking.

An example of data obtained in the class is shown in the following table. The distance is
recorded in different units, ‘“number of steps” and meters, that is in arbitrary and
conventional units; we also emphasize that the unity “w-step” — length of the step while
walking — is different from the unity “r-step” — length of the step while running. The number
of steps is also needed, as discussed below, to design the model.

Number of distance time
Steps
Walk .[10]...w-step | ..[6,25])..m | ..[7]..s
Run ..[B]..r-steps ..[6,28]..m | ..[3]..s

The graphical representation of distance as a function of time (figure 1) is also important,
because it shows pictorially the difference between the two motions. Only the two points
which correspond to the initial and final measurements are shown, to underlie that the
measurements were done only at the beginning and at the end. The two dashed lines which
connect the points in the graph are an example of reasonable inference, since no measurement
was taken in between. This is already a kind of very rough model, based on the assumption of
a regular motion.
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Figure 1 Distance as a function of time during a walk or a run; only initial and final points
were effectively measured, the lines are “reasonable inferences”.

The next step is to calculate the average velocities, which are 0.9 m/s and 2.1 m/s
respectively for the walk and for the run and to plot them as a function of time (figure 2). The
meaning of the plot is not easily understood by young students, but it is important for the
following discussion, which will be based on questions such as “is this plot realistic?”, “did
the students really move with constant velocities all the time?”
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Figure 2 Average velocity as a _function of time during a walk or a run.

It is rather obvious that, at time zero, the students were at rest and that they reached the
regime velocity only after some time, but how long did it take to reach this velocity? We can
make another reasonable assumption and say that it took about one step to reach the regime
velocity and the plot is modified as shown in figure 3; the initial variation of velocity is thus
estimated to be of 0.9 m/s in 0.7 s for the walk, and of 2.1 m/s in 0.6 s. This gives an initial
acceleration of about 1.2 m/s” for the walk and of 3.5 m/s” for the run.
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Figure 3 Average velocity as a function of time during a walk or a run with initial and final
variations.

The comparison between walk and run in the plot shows the sharp initial change of velocity
needed if the regime velocity is reached in the first step, that is the very large initial
acceleration and, obviously, also the large deceleration at the end. The role of the two
quantities which determine the value of the acceleration, that is time and velocity variation, is

therefore quite evident. But is this model realistic? The velocity should also change at each
step, but how large is the variation?

Run and walk with RTL

To test the model, measurements with a sampling time much smaller than the time of the
step are needed and, with an RTL system, this is possible. The system we used is very simple,

it consists of a sonar and a graphic calculator — TI-83 plus. The set up is shown in the figure.

sonar

Figure 4. Experimental setup: the sonar, connected with the graphic calculator, is located in
front of the moving person in a clear space to avoid spurious reflections.

The sonar emits an ultrasound wave and detects the echo reflected by large obstacles. The
distance of the reflecting obstacle is determined by the time delay between the emitted and the
reflected signals, assuming a nominal value of the sound velocity in air. The digitised values
of the time delay are sent directly to the graphic calculator, which calculates the distances,
stores all the values in its memory and shows the plot of distance as a function. With the
calculator one sets the sampling time interval and the number of acquisitions, besides giving
the command to start the acquisition. The range of sensibility of the sonar is between about 50



cm and 6 m. Caution must be taken to avoid spurious reflections by neighbour objects and
reflections from “waving” surfaces (for this reason the student in the picture walks with a rigid
board in front of the sonar).

The first analysis of the collected data is done using the plot shown on the screen of the
calculator, then the data are transferred via cable to a personal computer and the subsequent
analysis is done with a conventional work sheet as EXCEL, to allow an easier analysis with a
familiar system. A typical plot of position versus time is shown in the figure: the plot is
similar to that of figure 1, confirming the correctness of the hypothesis of a regular motion.
We always ask the students to take note of the number of steps, in order to search for
indications of the step periodicity in the plots. In this plot however there is no evident
variation to indicate the different steps.
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Figure 5. Data of position versus time taken during a 6 step walk toward the sonar.

The steps become evident in the plot of the velocity (figure 6), calculated as the difference
between subsequent positions divided by the time interval.

velocita - tempo
1.2
1 :17&:,% velocity
7 0.8 /gf\% . Pt
E 0.6 - \V I A
:ﬁ 0.4 7 A step| 6
T 0.2 W I step3 step 5
0 | sTeP 1 step 4
0.2 step 2
-0.4 ‘ ‘
0] 1 3 5 6
tempo (s)

Figure 6. Velocity versus time of the data shown in figure 5; the pink line is the result of
smoothing the values.

For an easier comparison with the manual measures of figure 2 the sign of the velocity was
inverted. The initial acceleration is very clear and it is practically concluded within the first
step (about 0.6 s), as correctly supposed in the manual measurement; its value is about
(0.7m/s/0.6 s=1.1 m/s®), close to the value previously estimated. The variations of velocity at
each step are also very evident and appear as fluctuations about the average value, with a



deceleration followed by an acceleration. The values of the intermediate accelerations can also
be calculated on the basis of the plot, and they are about one half of the initial acceleration; it
is thus evident that the walk is quite different from a uniform motion and that a continuous
input of energy is needed to balance the losses.

Static friction is responsible of the initial and intermediate accelerations while dynamic
friction is responsible of the final and intermediate decelerations. To evaluate them, it is
convenient to express the acceleration in term of the gravity acceleration g: the initial
acceleration is about 0.12 g and the intermediate ones are about 0.06 g, thus the static friction
forces are about 12% and 6% of the weight force!

As to the energy, the amount needed to reach the regime velocity could also be calculated
with manual measures on the basis of the average velocity v and of the mass m, but what is
new with the RTL is the fact that now we can also calculate the energy needed at each step to
maintain the average velocity, which is equal to mvAv; since the variations Av at each step in
this walk were about 2 v, we obtain the interesting result that at each step about the same
energy as for the first step is needed!

The experiment is repeated for the run and the resulting velocity is shown in figure 7 ss a
function of time.
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Figure 7. Velocity versus time during a run.

In this case almost two steps are needed to reach the regime velocity, contrarzy to the
speculation based on manual measurements. The initial acceleration is about 2 m/s”, that is
0.2g, significantly larger that for the walk; also the intermediate accelerations are larger, as
well as the final deceleration. These values depend very much on the “runner”: with some
runner we observed much smoother curves for the velocity, which correspond to a much less
expensive motion in terms of energy.

Measurements with the accelerometer

After this training on the acceleration with the sonar and the subsequent analysis, we
performed some direct measurement of the acceleration using an accelerometer. In this case,
an intermediate device, the CBL, is needed for the data acquisition, to convert the data from
analog to digital form, however the measurement and analysis procedures are very similar.
The measurements that can be done with the accelerometer are richer and one can explore
situations that with a sonar would give marginal results. An example is shown in figure 8,
where the acceleration was measured during a jump from a stool of about 60 cm. One clearly
notices the constant acceleration during the free fall and the sharp variation of acceleration
during the impact with the ground.
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Figure 8. Measurements of acceleration during a free fall from a stool with impact with the
ground on bent knees.

In this case, it is interesting to do the opposite procedure in the analysis, that is to
“integrate” in time the acceleration during the impact with the ground to obtain the velocity
variation and thus the value of the velocity at the impact. The result of the calculation
confirms the value of the velocity expected from the duration of the free fall in the gravity
field. The important data which could not be obtained without an on-line acquisition system is
the duration of the impact: it is rather clear that bending the knees helps to increase the
duration of the impact and thus to reduce the value of the peak deceleration and the associated
stress on muscles and bones.

Conclusions

The short experimentation of the use of the graphic calculator and portable sensors in the
classrooms was sufficient to show all the potentialities of this device to approach real life
phenomena and develop basic physics concepts. However the applications of the system must
be carefully controlled and the necessary intermediate steps should not be skipped, to allow
first of all qualitative observations, simple manual measurements and formulation of basic
hypotheses or simple guesses before performing the complete on-line measure.
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Physics from the real world into your classroom
using an accelerometer and the CBL

Lars Jakobsson, Department of Teacher Education, Malmé University

Lars.Jakobsson@lut.mah.se

Real-life applications can enrich the teaching of physics and mathematics enormously. It is my
conviction that physics can give the best and most powerful support in the teaching of mathematics.
On the other hand physics can be more fully understood with mathematical modeling. A lot of
concepts in calculus, such as the derivative and the anti-derivative, can use applications from physics
to motivate and_support understanding. Linear and quadratic functions are other fields where examples
from physics are traditionally chosen. There are several more, some of which may not be as evident.

But this is really nothing new. Using applications from physics when teaching mathematics and using
mathematics to understand physics is an old technique. The novelty is that we are able to do it in a
more efficent and stimulating manner now!

With modern techniques available, data collection can be made in front of class as a demonstration
using CBL, LabPro or CBR. After that experimental data can be distributed to the students’calculators
and the students can take active part in the modeling process. This is much more chalenging and the
process itself motivates students to investigate and model. Learning becomes interesting and is not
regarded as a boring process.

What about the process?

e To start collect data in front of the group. Share the experimental data with the students and let
them graph the collected data on their own calculators.

e Is it possible to give a qualitative explanation of the behaviour of data withot using math? Let the
students work in minor groups to discuss in order to explain the graph.

e What does data look like from a mathematical point of view? Does the data set look like a linear
function, a quadratic or could it possibly be an exponential function?

e Is it possible to fit some kind of function with the help of the calculator?

This is the moment where the math adventure can start. Using the built-in features of the graphing
calculator, different regressions; numerical derivatives; and numerical anti-derivatives all facilitate
modelling.

The functions and graphs of the textbooks, although colorful and nice, are not the same as the graphs
and functions produced by the students themselves. They produced the information by themselves and
they took an active part in the whole process.

During this session I will perform one experiment using an accelerometer. In this experiment
acceleration is measured when a person bounces on his toes. Other experiments of interest with an
accelerometer are the study of a take-off of an aircraft, the motion of a car or an elevator, just to
mention some.




The bouncing teacher

This activity uses the CBL and an accelerometer to examplify numerical integration without using the
regression technique, but rather the CumSum function of the TI83. It is one of my favorites since it
connects real life to mathematics in a rather unusal way. The graph that is displayed when the
performance is over always leads to interesting discussions because students and sometimes also
teachers often misunderstand the graph. After discussing the graph the math adventure can start.

The experiment

An accelerometer is attached to the forehead of the test person. He or she performs the experiment
bouncing on her/his toes and during the jump the ENTER key is pressed, thus starting the data
collection consisting of acceleration and time values.

A very typical outcome of the experiment is shown in picture 1. The objective is to find the graph of
the velocity versus time, i.e. the antiderivative to the function displayed in the calculator window. This
leads to discussions of the use of Riemann sums, which as we all know is a core concept defining
integrals.

It is evident from picture 1 that the graph is almost linear at a constant level of about —10 m/s”. This
occurs when the bouncing person is airborne. At moments having the maximal acceleration he is at
”the bottom of” the jump. This is the moment where it is reasonable to assume zero velocity.

Technically we use the Select function of the calculator to cut a complete jump”. See pictures 2-4. In
picture 4 Zoomstat has been used to expand the window horisontally. The data points that are cut, now
have been copied into lists L3 (time) and L4 (acceleration).
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In order to introduce the method that will be used to calculate the areas it is advisable to discuss with
the students that each acceleration measurement can be treated as a constant acceleration during that
complete time interval. The area between the graph and time axis thus representing the increment of
the velocity, Av =a-Af, in this time interval . Taking the sum of these areas gives us an area function
approximating the velocity.

Each sum, Z Av; = Z a; -At=At- Z a; to any given upper time limit, gives the velocity at this
moment.

The CumSum function of the calculator can be used as to perform these calculations. Since the time
interval in this example is Atz = 0.01s, the command 0.01° CumSum(L4) STO L5 calculates the
velocities and stores them in list L5, picture 5.




Plotting L5 as a function of L3 we can study the jumper’s velocity as a function of time, pictures 6 and
7. Two data points are taken in these pictures to calculate the slope of the linear part. The result gives
us the acceleration due to gravity, see picture 8.
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Of course it is possible to make a new cut using the Select function followed by a linear regression to
make a better fit to the linear part. However, in some way the straight-forward method using two data
points is neat and does not conceal the pure math.

Another approach is to do a manual curve fit using the Y= editor. This method is illustrated in pictures
9-13. The constant B is of no physical interest this time since the model is not valid at that time. This
introduces the range of a function in a natural way and is of great potential interest to the math student.
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More tasks can be given to gifted students for example how big is the heigth difference between the
highest and lowest locations of the accelerometer. This can be used as an estimate of the jump height

but is not the same.

Other tasks are:

How does the way of jumping influence the acceleration and velocity, for example bouncing on ones
heals versus making bigger leaps?

Are there differences in acceleration values at different points of the body, for example beneath the
knees or at the heaps? This can be of further interest to study sport injuries!




Take-off — start of an aircraft

An accelerometer was used taking acceleration data during take off of a Boeing 737. It is important to
ask the crew of the aircraft if they allow you to make the experiment onboard the plane during start.

The two lists, time in L1 and acceleration in L2, that were collected were gruoped into the archive
memory of a TI83Plus. In this way the teacher is able to show the graph of acceleration versus time for
the students with ease. A neat way to bring real-life applications into the Math class.

After a discussion, with the purpose that the students will understand what is going on, time and
acceleration data are shared among the students.

The following questions are given to the students are:

e Explain the acceleration graph. How do you know when the o .
airplane leaves ground? T

o Investigate the velocity graph. Determine the speed of the aircraft .
when it leaves the runway. v

¢ Investigate the position graph. What is the minimum length of the
runway that is required for a safe start?

Of importance to the students are that ~ [f {1412 - e .
the airplane starts at time 5 s and e
leaves ground at time 35.5 s e LT I T
(approximately). As can be seen from Do T s Ce T
the two figures to the right. o
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Required technical skills to fulfill this investigation is good knowledge of the CumSum command. If
this is not known the first part, involving the velocity graph, is fulfilled together with the students.
Then only the last one is given as homework.

How do we explain the way to get the velocity graph?

One way is to start considering a constant acceleration during a short time interval. Since accelertion a
. Av . . .
is defined a = A then obviously Av = a-At. So the area between the graph and the horisontal, time

t

axis is the increment of velocity during the interval.

Let us assume that the acceleration is constant during the time interval when one data point is taken.
Actually this is the best we can do. The we can sum consequtive areas to get the velocity after each
new rectangle added.

So the calculation 0.5*CumSum(L2) produces a list containing the
velocity data (assuming that the time interval is 0.5 s and that the
acceleration data resides in L2). Let us store this list as L3 and the plot
L3 versus L1, i.e. the velocity versus time. Using SI-units the velocity
is given in m/s.




It is time to study the graph in more detail. It is very evident that Fi:LisLZ

there is a “knee” at time 35.5 s. We read the y-value at that point
78.4, the speed in m/s, that is approximately 280 km/h.

This is the moment when the airplane leaves ground and therefore
the take-off speed.

H=3E.E Y=FB.4

We can continue and find the graph of the anti-derivative of the velocity graph, i.e. the position graph.
The way to do it is familiar now. We want to find the areas between the velocity graph and the x-axis.
Multiplying the areas with the time interval gives the position versus time.

We store the position data in L4 using the command: 0,5 CumSum  [r1:L1,L4

L3 STO L4. The graph of these data is approximately a second .
degree polynomial corresponding to the linear velocity curve. If we -
study the coordinates at time 35.5 seconds we find a position value &
of approximately 1140 m, that is the minimum length of the runway -

to be safe.

PEEG v=1141y

A further investigation could be to find the kinetic energy at take off and after that the force needed
from the engines and why not how much petrol is needed for the acceleration. More information is
needed for these calculations.









