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ABSTRACT

As part of the Dutch physics curriculum students abliged to perform their own research projectpproxi-

mately 80 hours. They are stimulated to choosedpie themselves (preferably with relations to teubjects,
like physics and mathematics) and have a lot adioen in the design of the research. Normally theykwn

small groups (2-4), and the project is carriedaugr a longer period parallel to the normal lessdiey are sup-
posed to deliver a report and a presentation. liglealdents experience the stimulating aspectoufglresearch,
and this is especially the case when the projeatlimnced and authentic, and even comparable witlalare-

search done by researchers. In the last years we developed several potential projects in the exdnof the

human body. Examples are: the reflex of the eyéght and human gait. With the help of ICT (for datcquisi-
tion, video-analysis, modelling, data-analysis) kel and methods of the work of the students teE=oquite
close to the type of work of researchers in thil fi€his indeed has a very positive effect on stitslenotivation.
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INTRODUCTION

Many teachers like to provide their students wigipartunities to be involved in the active proceks o
learning mathematics and science in a contextishateaningful, motivating and challenging for the
students. They want them to collect, process, aadlse data, to use digital images and videoseto d
velop and run mathematical models, and so on. Duethis because they know from experience that
motivated and active learners get a better undeistg of concepts, methods and techniques thame thos
who are taught in a traditional style of lectutestbooks, and exercises. Technology allows stsdent
work with high-quality, real-time data and it enabktudents to look at realistic applications afrsme
and to do investigative work that resembles pridesd practice.

Small practical investigations (4 to 10 hours ofrkyoand one large, cross-disciplinary research or
design experiment (approximately 80 hours of wane part of the Dutch examination programme of
senior secondary education. In mathematics andagjstudents are expected to develop a broad range
of research skills, which includes connecting neatld phenomena with the scientific world, under-
standing the problems at hand and asking the qgéstions, making a project plan, designing and car
rying out an experiment, and collecting, representanalysing, and interpreting information. Theiba
idea is that students learn best about sciengBearch by actually doing research, or as Hodseeej1
has put it: “A major goal of practical work sholld the engagement of students in holistic investiga
tions in which they use the processes of scientle twoexplore and develop their conceptual under-
standing and to acquire a deeper understandiranafificreased expertise in) scientific practicar &
thorough discussion of the role of scientific iniggtions in the science curriculum see Gott andddu
(1995). The point made in this article is that ur opinion students need ICT tools that make auitien
investigative tasks feasible and that enable tleework at an appropriate level.



However, the students’ work is partly obscured bseaactive students need many tools to do their

work and they need time to learn these tools. Bihra researchers and developers at the AMSTEL

Institute of the University of Amsterdam put, forore than twenty years already, great effort in

creating a single, versatile computer learning remvnent that offers many of the tools that one want

to use in mathematics and science classes in gnaedsintegrated way: its name is Coach. For more

information and sample activities we refer to thebgite www.cma.science.uva.nl and to some over-

view articles (Mioduszewska and Ellermeijer, 208&rk, 2002). Coach activities may contain:

* Texts with activity explanations and instructions;

* Pictures with illustrations of experiments, equiptnend the context situation, or to make image-
based measurements;

* Video clips to illustrate phenomena or to make sitdased measurements;

* Measured data presented as table, graphs, meateligjtal values

* Models (in graphical, equation, or textual modegi¢scribe and simulate phenomena;

* Animations of modelled phenomena;

* Programs to control devices and to do mathematmalputations;

* Links to Internet sites as extra resources foresitsl

In addition, teachers have powerful, easy-to-leard easy-to-use authoring tools to prepare a@sviti

for their students. They can select and preparg tgaphs, video clips, mathematical models, and

measurement settings, and they can choose theleigktaccording to age and skills of their student

Students, on the other hand, can use the samerimgttiools in their research project to set uprthei

own experiments, to create their own Coach acatiziind to use the results in the report and pi@sent

tion of their research work.

In this paper we present illustrative exampleshefuse of the Coach learning environment in authent
student research projects and investigative potiork at pre-university level. In particular wes-d
cuss investigative work on human locomotion andnmasurement of the pupil light reflex of the
human eye. The investigative tasks and projecte le@en developed in our educational research and
development that examines the possible contribudfol€T and real-life contexts to the realizatidn o
challenging investigations for students. This wprhvides input for the ongoing development of the
activity-based environment Coach for learning miathtcs, science and technology, and it results in
study materials that stimulate and enable studentsrry out investigation tasks at a high levealftS
ware and students’ activities are tested in praciRegarding human locomotion, results come from

» aclassroom experiment during regular physics heittsall students participating;

* amaster class for interested pupils from variahesls;

» afew case studies and research work carried ountérested students.

We interpret the authentic nature of the activitissthe opportunity for pupils to work directly it
high-quality, real-time data about human gait inchnthe same way movement scientists do. In es-
sence, we try to make their mathematics and scieaering resemble practice, in which investigation
can often be characterized as being challengingptax, open-ended, and cross-disciplinary, and as
requiring a strong commitment of participants gusroad range of skills (cf. Edelson, 1998).

Our main objectives as authors of the learning riadseare to let students

» work with real data collected from video clips mdxjea web cam;

e carry out practical work in which they can applycehuof their present knowledge of mathematics
and physics in a real life context;

e practice ICT-skills, in particular making a videlpcand carrying out measurements on it with a
data video tool;

» experience that diagrams that are used in praatieenot just pretty pictures, but contain much
information about the real life phenomenon undedt

* bein contact with current research work, in owgecamovement science, including the nomenclature
and research methods used.

These objectives are rooted in our belief thaintfaén purpose for doing practical work is to expecie

authentic mathematics and science, and to enjoypacdme competent in it. The activity of measuring



the pupil reflex of the eye on light can also bekied upon from this point of view: on the one hand,
students learn how to do simultaneously video iiogr data acquisition with sensors, and control of
apparatus, which is a combination of techniquesttiey might apply in other experiments as weltj an
on the other hand, students experience that ciesilihary work (in this case physics and biology)
guite common in actual research on an ordinarylifegbhenomenon.

GETTING AN EYEFUL OF PHYSICSBY MEASURING THE PUPIL LIGHT REFLEX

The pupil light reflex is the change of pupil aieaesponse to a change of light. Constrictionhaf t
pupil of the eye happens quickly and automaticallyesponse to a step-increase of light intensityt.

a pupil cannot instantaneously reach its new sizenathe level of illumination is suddenly increased
there is a delay in reaction tinre200-500ms) and then constriction can be approxunaasonably by
an exponential decay function. Hereafter, in chsestep-increase was not too large, the pupilatsiil
slowly almost back to its original size. This respe is called ‘pupil escape’. If, however, the aase

in light intensity is very large, the pupil simptpnstricts without redilation, a response namegilpu
capture’. The pupil light reflex can be experimdgtanodelled with exponential decay and a logistic
regression curve of data measured in a video @ippwint-tracking; see Figure 1 below. Pupil escape
and capture have also been successfully modeledonlinear neural feedback control systems models
(Sunet al, 1983; Krenz and Stark, 1985) and more recentlyndgnlinear delay differential equations
(Longtin and Milton, 1989; Bresslo#t al, 1996).
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Figure 1. Experimental modelling of the pupil ligkflex via exponential and logistic regression.

The pupil light reflex affects both eyes, even iflyoone eye is stimulated. This fact is used in the
following experiment: the right eye of a personstgnulated by an oscillatory light stimulus via a
bicycle lamp, which is periodically switched on awnff, and the pupil motion is recorded at the same
time with a web cam operating at a frame rate ¢p€0A Coachlab interface connected with the com-
puter is used to control the lamp and to measwdight intensity in the test tube. At the begirmf

the experiment, the test tube with the lamp is leltfont of the web cam so that the recorded video
and the light intensity measurement can be synamedrby matching the first increase of light inténs
with the first time that the bicycle lap is switchen. Hereafter the lamp is put in front of thentigye
and the data collection continues. Figure 2 shiwsstreen shot of the Coach activity. The lowdntrig
window is a visual representation of the Coachtabrface with the connected light sensor and lamp.
The upper right window shows the control programswgtch the lamp on and off. The upper left
window contains the recorded video and the lowgriendow shows the graph of the measured light
intensity during the experiment. All windows anekied: so by comparing the step-increases of tim lig
intensity with the video frames in which the pupinstricts, you can find the delay in reaction time
The measured reaction time has been 0.25s inxperienent.

The recorded video is used to measure the diamétire left pupil during the second phase of the
experiment. Point-tracking makes this measuremergasy task: two opposite points at the boundary
of the pupil are selected in the starting frame #rel coordinates of these points are automatically



recorded in subsequent frames. These recordingasac: to compute the pupil diameter at any time
during the second phase of the experiment. For mhetals about the algorithm implemented in Coach
for point-tracking we refer to (Heck and Uyling€(5). Figure 3 is a screen shot of the video measur

ment activity. The graph of the measured pupil @tnis shown in the right window. This diagram

also contains the graph of the sinusoidal regrassiove that fits the data. The period of the pupil
oscillation is 4.3s, which is in agreement with gegiod of the measured light intensity.
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Figure 3. Screen shot of a video analysis actinit§@oach 6.

This example shows that students doing experintbiatsresemble professional research practice often
need a computer environment in which various toats be used simultaneously or in combination with
each other. It is not good enough to focus in |@famced learning on separated experimental control,
data collection, and data analysis.

WALK LIKE A MOVEMENT SCIENTIST

One learns walking at the age of one. Hereaftekimglgoes naturally and one does not give it much
thought anymore until you are getting on a bit orcase you get an injury of your legs. Then you



realize how many times you actually use your limabsl how many way of human locomotion you
practice: normal walking, sauntering, jogging, rumgn hopping, skipping, tiptoeing, race walking,
crutch walking, and so on. You may start wondeririat the differences and similarities between the
gait patterns. It turns out that walking and ruignare complicated but interesting periodic motions
from mathematical and biomechanical point of viglovement scientists have developed various
research methods to study gait. In the last yearbave developed several practical investigatisksta
and potential projects in the context of the hunemomotion that enable upper pre-university stuslent
to act like human movement scientists. The studesitect and analyse high-quality gait data in much
the same way movement scientists do via recordigignaeasurement of motions with a video analysis
tool (for kinematical analysis of the motion) ani \electromyography (for registration of muscle
activity). Physics, mathematics and biology conwether in these scientific investigations by stuslen
We have published about the students’ work (Ellgeneand Heck, 2002; Heck and Holleman, 2003;
Heck and van Dongen, 2008; Heck, n.d.) In thisckrtwe discuss part of this work to illustrate that
science learning at school can resemble scienatigegan research labs, provided that students have
adequate tools. The chosen subjects: (1) motiolysiaaf human gait and in particular of the higlan
knee angle during locomotion, (2) electromyographyormal walking, and (3) models of sprinting. In
all examples, Coach 6 provides the required tapissingle computer learning environment.

Motion Analysisof Gait

Normal walking is a periodic movement of each fivotn one position of support to the next position
of support in the direction of progress. The ggitle is defined as the period of one foot strikehte
next foot strike of the same foot. Figure 4 illasés the two phases of the gait cycle and the geiin
events.
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Figure 4. Normal walk cycle illustrating the everigait (Rose and Gamble, 2006).

Motion analysis is the science of analysing vidgosoof body and body part motions in order to gtud
the kinematics and the forces involved. In the fitatinvestigative tasks students record the nmotio
video with a web cam and use Coach to analyseldmapmotion of the upper and lower part of the leg
around the hip and knee joint. The leg movementosfal walking can be pretty well described by a
lateral and dynamically coupled oscillator modeafyet al, 2002) and this holds for many human gait
patterns. A result of this is for example that gmgular motion curve of the knee joint can be prett
well described by a sum of two sine functions iriclilone frequency is twice as large as the other on
The natural period for the leg (or the preferreddst frequency) based on a force-driven oscillator
model (Holtet al, 1990) is given by

natural period= Zr 1 ,
2mgd

wherel denotes the moment of inertia of the leg (inclgdihe foot),g represents the acceleration of
gravity, m stands for the mass of the leg, ahd the distance from the centre of gravity of ldgeto the
hip joint. Another useful tool in gait analysis, isin more or less characterizes the gait pattera in



guantitative and objective way, is the so-callep-knee cyclogram in which the knee joint angle is
plotted against the hip joint angle. The left dagrin Figure 5 shows the hip-knee cyclogram of a
normal equal-level walk taken from the researdrditure (Goswami, 1998). Points marked with an ‘o’
belong to important events of the stride. Studebtain similar diagrams in their practical work aare
able to label the main gait events in their diagras well. See the right part of Figure 5 for aaneple
taken from the research project of Caroline vandeon(Heck and van Dongen, 2008).
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Figure 5. Hip-knee cyclogram from research litemaf{left) and from student research (right).
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Figure 6. Motion analysis of a student running dreadmill.



The hip-knee cyclogram is a parametric curve wibpect to time that alters when gait conditions
change. Figure 6 shows a screen shot of a Coaislityaat which the motion of a student running at a
speed of 16km/hr on a motor-driven treadmill islgsed. The lower right diagram is the hip-knee
cyclogram of this motion and the crosshairs indictite position of foot strike. The shape of this
diagram resembles the previously shown hip-kneéogyams but also differs in important aspects: for
example, during running the hip and the knees bmande. The video clip shown in the upper left
window of the Coach activity shown in Figure 6 Heebn recorded with a web cam at a frame rate of
30fps. The polar coordinates of the hip and antilet jof the right leg have been collected and used
determine the hip and knee joint angles. Studaridigure out themselves what formulas are neenled t
this end and they can almost immediately see if thave it right because otherwise they obtain
physiologically impossible hip or knee motions. Tdraphs are shown in the lower left diagram of
Figure 6. The best function fit of the knee joimgke as a function of time with a sum of two sine
functions is shown in the upper right diagram: atames well with the collected data. This fit can b
found automatically with the signal analysis toblGoach 6, which has high-resolution methods for
sinusoidal regression on board. The Prony methadkslén this particular case to the following forenul
knee joint angle= 44 32.4sin(601.6tim@&618)+ 22.3sin(1201.8time-179.

where the angle is in degrees. Clearly, one ofréguencies is about twice as large as the othés T
experimental approach confirms the theoretical rhotla force-driven harmonic oscillatory motion.

Electromyography of normal walking

Muscle activity is typically studied using dynamétectromyography, abbreviated as EMG (Perry,
1992; Rose and Gamble, 2006). In case of measuteofiegctivity of superficial muscles, surface
electrodes are placed on the skin surface to d#teatnuscle action potential, i.e., the electricviyg
responsible for contraction of muscles or muscleugs. Muscle force cannot be estimated directly
from the intensity of the signal. Figure 7 illusest EMG activity during normal walk as simple offi-of
diagrams for certain muscles.
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Figure 7. EMG activity during gait (extracted fradecker and Beckers, 1996).

EMG recording is rather difficult because correleicement of electrodes is critical. Neverthelegsh h
school students are able to get with sensors erpatal results that are qualitatively in agreenvétit
results known from the research literature. Fidligives an impression of the equipment used and the
results that are obtained in a student researcjeqirdn this experiment it is extremely useful ttha
Coach allows simultaneous measurement with sesatvideo capture. The video clip and the meas-
ured data are synchronized: this means that pgistira graph or a table entry automatically shdwes t
corresponding video frame and that selecting aqudat frame highlights the corresponding points in
diagrams, when the scanning mode is on. This ma&eghbing, i.e., advancing or reversing a clip
manually, an effective means to precisely idengifiyl mark interesting events in the video clip and t
relate them to graphical features. This featurasisd to link maxima and minima in EMG diagrams
with gait events visible in the video clip. The lemright diagram in Figure 8 shows the graph of the



processed EMG signal during one gait cycle: prongssieans here that we have taken the absolute
value of the raw signal with respect to the zewell®f the signal (full-wave rectification) and satbed

the rectified signal. Peaks correspond with musackvity. We have marked some gait events, which
have been found by scanning the graph while wadctiie corresponding video frames. This diagram
can be interpreted as follows: activity of the gamtemius is mostly during stance phase as in
agreement with the on-off diagram shown in Figur®&ak values are at terminal stance and when the
foot is taken off the ground. This can be undemdtbecause during this part of the stride, the neuscl
first undergoes eccentric contraction, which cdstthe forward movement of the tibia over the fixed
foot; hereafter the gastrocnemius undergoes a otmceontraction which initiates plantar flexion,
which begins the toe-off phase. At terminal switigg muscle might be used during foot descent in
order to provide stability to the ankle joint ineparation for foot contact. Beginning at foot srénd
ending at midstance, the gastrocnemius is prohaddg for shock absorption, stability and progressio
of the limb.
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Figure 8. The EMG equipment (upper left), a recdndev EMG signal of the gastrocnemius for a
normal walk at low speed (lower left), and the esponding processed EMG signal (lower right) that
can be linked directly to the motion of the legaeted simultaneously with a web cam (upper right).

The EMG activity and the motion analysis activitiisstrate that affordable ICT can bring high seho
students into contact with the field of gait anedy#n the investigations described, focus washenleég
motion during normal walk and running. But othepexss such as arm motion and other gait patterns
could be investigated as well. Animal locomotiomtion of the lower limbs during (power)cycling,
and sports motions are research topics that caailstidied in a similar way. The authenticity of the
student activities is realized by the opportunity high school students to investigate a real-world
motion in much the same way as movement scientistdd do. Student can learn how physics, mathe-
matics, and biology come together in such work.

Giving high school studentstherun of models of sprinting
Sports science is another attractive area for astudsearch projects. High school students can con-
struct computer models of running and use theiggims to compare results of simulations with



experimental results obtained from a video analybite start of a sprint. All models that are lthsa
Newton’s second law of motion use as basic equation

a(t) = Fpropulsive(t) - Fresistivgt)'
wherea(t) represents the acceleration of the runner atttintg,,,..the horizontal component of the

propulsive force per unit mass at tirhgi.e., the force that the runner applies at the given motodre
in motion, and~ the force per unit mass that the runner has to overcome dtitimeler to be in

resistive

motion. Keller (1973) assumed in his model of competitive runriagthe propulsive term is constant
for sprinting and that the dominant resistive effects frorming mainly result from frictional losses
within the body of the runner and can be modelled by a temar in speed. This model, in which air
friction is neglected, can be written for a runner who isalfytat rest as

V(t)=F -v(t)/r, v(0)=0,
whereF is the constant force per unit mass that the runner caniesxbg horizontal direction ards a
time constant. This initial value problem can be solved analit:

v(t) = Fr(l—e“/’).
The producFEr equals the maximum speed of the sprinter. The dis@(tyeovered in timeis found
by integration of the above equation:
D(t) =Fr? (t/r +er —l).

The mathematical formulas are not just a hobbyefteacher, but they play in these models an impor-
tant role in the determination of good estimatestfi@ model parameters. In this article we describe
briefly the use of a graphical modelling tool bgthischool students to create representations oftigua
ties and relationships about running where ana$glations are intractable. Another motive to dmeo
puter modelling in practical work is to bring stude into contact with modern approaches in human
movement science. The need for computer modelsickly felt when one wants to take several factors
into account for models of running. For examples #ifect of head- or tailwind can be translated
mathematically into an aerodynamic term derived gi@btely from air resistance that is proportional to
the square of the relative speed.

But (computer) modelling does not replace empirigatk. Validation of models with experimental
results is necessary. In the context of studentsstigating their own running performances Coach 6
provides the tools to record the start of a spwiith a web cam and to analyze the collected datia avi
video analysis tool. Figure 9 is a is a screen sifiad video analysis of a 25-metre sprint of a high
school student The lower left corner of Figure 9miadiately reveals a problem when one wants to
measure the position of the sprinter in the reabnddeo clip: perspective distortion. A front-viesf

the plane of motion is actually needed. Luckily,aClo 6 provides a perspective correction tool that
properly transforms the frames of a video clipthis case into the video shown in the upper lefhep

of Figure 9. Here, the video clip was also flipgedizontally to get a motion from left to right, igh
matches a traditional coordinate system with atpesixis pointing to the right. Since the 25-metre
sprint takes about 5s and the frame rate of therded video is 30fps, manual data collection bgkeli
ing on points of interest in the video clip is thime-consuming, error prone and boring work to do.
Fortunately, the Coach 6 video tool provides iwrwsith the facility of automated data collectionthe
video clip via a technique that is also known amptvacking. This is how the distance-time graph i
the upper right corner of Figure 9 was obtained. dtber inspiring applications of perspective cofre
tion and point-tracking in video analysis activgtier students we refer to (Heck and Uylings, 2006)

The velocity-time graph in the lower right corndragure 9 was obtained by computing the derivative
of the covered distance with a penalized quintlmepsmoothing algorithm. In addition, the speethda
were approximated by an exponential regressionecaceording to the Keller model of sprinting with a
nonzero initial velocity:

V(1) =6.38 1-€°°) + 1.25

A simulation of the Keller model, implemented vieetgraphical modelling tool of Coach 6 (similar to
STELLA and Powersim), with measured data pointh@background is shown in Figure 10.
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Figure 9. Video analysis of a 25-metre race ofidestt.
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Figure 10. Simulation of the Keller model for the-@etre sprint of the student.

The descriptive power of the Keller model seem$dogood. But when it is used to compute the
expected result of a 100-metre sprint of this pallir student, the race time of 14s seems a bit un-
realistic. In other words, the predictive powertloé Keller model is not so strong. It is importémit
high school student get acquainted with this kihdiarking and reasoning with (computer) models.
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Figure 11. Video analysis of the first 6 metreshaf sprint of a student.
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More details of the motion of the sprinting studdaoting take-off can be found in the video recogdin
of the first 6 metres with the high-speed cametth wiframe rate of 300fps. With the appearancéef t
Casio EXILIM Pro Ex-F1 digital camera in 2008, moately priced and allowing video recordings at a
frame rate up to 1200fps, high-speed video teclyyolas become available at consumer level and it
enables students to record fast motions. In Figureare shown the obtained distance and velocity
graphs of the start of the sprint. The velocitypyrds the most interesting curve: increasing and
decreasing parts of the graph correspond with gsapuduring foot contact and with the flight phase
respectively. Differences in consecutive increasekle velocity-time graph indicate that the prcgdug
force of the right leg is stronger than that of ¢ leg. It may be connected with left- or righanded-
ness of the student, but it may also have to db sétarch of a good balance during take-off.

CONCLUSIONS

In our point of view, the real educational issughe investigative student work that we described i
this article is the ICT-supported interaction begweexperimental work and modelling, in which the
interpretation of results is based on methods fneethematics, physics, and biology. The role of IET

to allow students to collect high-quality, real-éntlata, to construct and use computer models of
dynamic systems in much the same way as profedsidnaand to compare results from experiments,
models, and theory. Furthermore, students can devahd practise through their activities research
abilities, and the fact that they must apply ttkgiowledge of mathematics and physics in a meaningfu
way in a concrete context leads at the same timgegpening and consolidation of this knowledge.
Important research abilities that students pradhissugh this kind of practical investigations are:

« formulate good research questions that guide th&;wo

» design and implement an experiment for collectibrelevant data;

» apply mathematical knowledge and physical condeptgw situations;

* construct, test, evaluate, and improve computeratspdnd have insight in their role in science;

» interpret and theoretically underpin results;

» collaborate with others in an investigation tast esflect on the work.

ICT plays an important role in enabling studentsaay out investigations at a high level of qualit
also brings the real world into mathematics andsfifsyeducation in an attractive way. Computer mod-
els can be constructed by students themselveseobasis of general physical concepts in situations
where algebraic formulas are out of reach or eagpossible. In short, ICT provides the students with
tools to be actively involved in the process ofifitg solutions to challenging problems that thesneo

up with themselves. The fact that these tools aredled and integrated in a single computer learning
environment comes in handy: this makes it for stigleasier to apply these tools in their attempts t
solve problems or to get a better understandingjwei situations. Actually, we consider the moaegjli
process, the underlying thinking processes, andligaissions with fellow students during the recear
as more important in the students’ work than th&ioled results. All the same it is joyful when ex-
periment, model, and theory are in full agreemastis the case for example in the study of the inuma
locomoation.
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