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If You Spot an Error 

We at Rainbowdash Publishers LLC feel 
that accuracy in our publications is of the ut- 
most importance. This is doubly important in a 
science textbook where an incorrectly displaying 
equation or error range can cause needless con- 
fusion for the student. If you ever see an incor- 
rect equation, kindly help us by taking a screen 
shot of your Kindle or a scan of your book to 
show us what went wrong and eMailing it to us. 
Please include the Purchase ID (below), the make, 

model, and version of your Kindle (i.e. iPad 2 iOS 

6.13 Kindle v3.9), the equation that was incor- 

rect and what you believe should be changed to 
make it correct, and the kindle location number 

where you saw the error. We will correct the 
problem as soon as possible and push the correc- 
tion out to all our customers. Thank you for your 
patronage and thank you in advance for letting 
us know about any errors that you may spot. 

The IB occasionally modifies its require- 
ments between syllabus updates. If you spot 
something which is now out of date, please let 
me know so that I can update all electronic 
versions of this book and ensure that any new 
printed copies have the correction incorporated. 
It is helpful if you include the document and 
page number where you saw the discrepancy. 

-Daniel D. Slosberg 
RainbowdashPublishersLLC@umich.edu
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Chapter 1 - Personal 

Engagement - 2 Marks 

These first two marks are all about mak- 
ing this project your own. You have been study- 
ing your elected science for some time now, and 
it is time for you to design an experiment of 
your own to answer some question which you 
may have. Now certainly it is true that there are 
many good experiments written up and avail- 
able online, but the very first criterion is de- 
signed to ensure you are not simply following a 
pre-made script. 

The good news is that how you make the 
project your own is entirely up to you. As long 
as you demonstrate that you are personally en- 
gaged with the exploration, you can earn your 
first two marks. There are several ways to do 
this. 

Strand 1: Personal Engagement 

The first is by showing significant inde- 
pendent thinking. You can research a particular 
experiment online and find two or three ways of 
running it (which you document in your intro- 
duction with footnotes), and then you decide to 

run the experiment in a different way. It is im- 
portant that you demonstrate these differences 
to your grader (Whether that is your teacher or 
the moderator), by explaining how your lab is



different from the labs you read about and by ex- 
plaining your reasons for making these changes. 
Remember that the rubric is looking for signifi- 
cant independent thinking, so just changing the 
brand of pH paper you use is not going to be 
sufficient. 

The second way to show personal engage- 
ment is by showing initiative. Being the first in 
class to approach the teacher with an idea for 
your exploration, finding materials on your own 
instead of relying on the lab assistant to get ev- 
erything you require, and coming in at recess or 
after school are all ways to take initiative. While 
your teacher may see these behaviors, remem- 
ber that the moderator is not at your school and 
doesn't know anything more than you have told 
them. Be sure to mention in your paper what 
you have done that was above and beyond the 
teacher's requirements. 

The third way to show personal engage- 
ment is through your creativity. This may be vis- 
ually displaying your data in an unusual way--a 
graph that is not simply x-axis and y-axis. This 
may be through your method or lab setup--feel 
free to include photos showing how you did your 
lab to demonstrate this. It could also be ana- 
lyzing your data in an unusual way to show a 
particular pattern that a standard analysis may 
have missed. 

Strand 2: Research Question 

The research question is a central part of



your investigation. What do you want to know 
at the end of your experiment that you don't 
know now? As you consider the best question to 
undertake, you want to think about what you 
find interesting. It may be a topic you are curious 
about, or it may be something which is person- 
ally significant to you. In any case, you want to 
document why the research question you have 
chosen is meaningful to you. 

Make a list right now of 3-5 topics in the 
syllabus which are interesting to you. If you need 
some inspiration, please check the list of labs in- 
cluded in your course for biology, chemistry, or 

physics. Don't worry, at the bottom of each list is 
a link back to this strand. Remember that if you 
choose one of the prescribed practicals, you will 
need to show significant extension to earn your 

personal engagement marks.! 
In addition to an investigation in where 

you are collecting data in the science lab, 
consider investigations using a mathematical 

model, computer simulation, or database.? In 

physics, for instance, the extrasolar database 

now has nearly 3,000 planets? whose properties 
you can easily analyze. 

Next to each prospective topic, write 
down ways that these particular topics are con- 
nected to your personal life--things that you 
could bring out in your introduction to show 
that you are personally engaged with the topic. 
Using your personal engagement angle as inspi- 
ration, narrow down 2-3 of the topics into pre- 
liminary research questions.



Strand 3: Design, Implementation, and 

Presentation 

The final strand in personal engagement 
is looking at your own personal input and ini- 
tiative in designing, implementing, and present- 
ing your investigation. What design decisions 
did you make differently from experiments you 
have done before or read about in books or on- 
line? How did you implement your methodol- 
ogy? Did you have to solve problems of limited 
resources in an unusual or creative way? How 
have you presented your report in your own 
style unique to you? Keep these questions in 
mind as you move on to designing your experi- 
ment in chapter 2. 

Physics Subject Reports, May 2016, pg. 2: "A required investigation 
could be astarting point for an IA, although the teacher needs to be care- 
ful doing this." 
2physics Subject Reports, May 2016, pg. 2: "A surprisingly low number 

of investigations were mathematical models, computer simulations and 
database investigations." 
Exoplanet Data Explorer: 2,951 confirmed exoplanets and 5,454 exo- 
planets including Kepler candidates as of October 16, 2016.



Chapter 2 - Exploration - 6 

Marks 

The exploration criteria is concerned with 
two major sections in your lab report: your 
introduction and your procedure. The first two 
strands deal with the introduction. Strand 1 re- 
quires you to identify and focus your research 
question, and then to describe it clearly. Strand 
2 requires you to research background informa- 
tion and present your research as context for 
your experiment. The last two strands deal with 
your procedure. Strand 3 is about the procedure 
itself and requires you to design a method which 
is highly appropriate to your question, which 
controls all important variables, and which en- 
sures sufficient data for reliable results. Strand 4 
looks at safety from 3 perspectives: yourself (is 
the lab safe for you and your classmates), your 
subjects (the ethics of your experiment), and 
your community (the environment). 

On some labs, especially early in the two 
year course, your teacher may have given you 
a lab design they want you to follow. On other 
labs, you may do research on the internet or in 
books which essentially tells you how to design 
your lab. Your IA is different from these because 
in your IA you need to design the lab yourself. 

Strand 2: Background Research



From chapter 1, you should already have 
2-3 preliminary personally interesting research 
questions at this point. Spend half an hour in 
the library researching each of these questions. 
You will be working on your IA in the lab for 10 
hours, so it is well worth an hour in the library 
making sure your investigation will be both in- 
teresting and fruitful. At the end of your time in 
the library, you should be able to narrow down 
your inquiry to a single question which you are 
excited to investigate in the lab over the coming 
weeks. It is now time to check with your teacher 
and your lab assistant to make certain the lab is 
appropriate and that you will be able to acquire 
all the materials you need prior to the start of 
the in class investigation time. 

Once you have confirmed that your lab is 
a go, begin writing your introduction, laying out 
all the research you have learned from your trip 
to thelibrary. As you add information, be sure to 
create footnotes citing the source of your mate- 
rial. It is important to do this while you are writ- 
ing and not to try to go back and do it at the end 
because you may find at the end that you have 
forgotten which reference gave you that vital 
piece of information and then you will waste a 
lot of time searching for it again. At this stage, if 
it is easier, you can just jot down the title of the 
book and the page number or the name of the 
website and the date so that you have the criti- 
cal information at hand. Later, you can clean up 
these footnotes and get them into the proper for- 
mat for your school.



Once you have written down all the infor- 
mation from your research (and added all your 
sources to your bibliography), spend some time 
editing what you have written for context. Ask 
yourself: Does this piece of information directly 
lay the groundwork for my investigation? If not, 
delete it. Does this section enhance the reader's 
understanding of the context of my investiga- 
tion? If not delete it. As you will read in the chap- 
ter on communication, one of the goals of this 
project is for you to learn to write concisely. In 
the introduction, that conciseness is shown by 

sticking to the topic at hand.! 

Strand 1: Research Question 

Now that you have laid out the prior re- 
search about your investigation for the reader 
and yourself, it is time to focus your research 
question. If you haven't done so already, you 
should brainstorm as many variables affecting 
your investigation as possible. Then consider 
which will you change and which will you keep 
the same. 

Let's take an example: say your prelim- 
inary research question is "How fast does hot 
chocolate cool?" You start to list variables: brand 
of hot chocolate, amount of chocolate added, 

amount of water added, temperature hot choco- 
late is initially raised to, type of milk (whole, 
2%, skim, etc.), amount of milk, ambient tem- 

perature, material of the container holding the 
hot chocolate, surface area:volume ratio, time to



cool to a specific temperature, etc. You can then 
choose two variables you would like to inves- 
tigate to get a more focused research question: 
How does the ambient temperature affect the 
time it takes for 250 mL of Nestle hot chocolate 
in a metal cylindrical cup with a radius of 5cm 
prepared according to the directions and with 10 
mL whole milk added to cool from 70°C to 30°C 
in a room with no breeze? 

Your teacher has only scheduled 10 hours 
of time in the lab for you to solve this ques- 
tion. Narrowing your topic is important so that 
you don't wind up with something incredibly 
broad like "rank all mammals according to their 
speed in completing a maze." It would take years 
for you to get access to all the mammal species 
on planet Earth and to design appropriate and 
comparable mazes for them to run (a maze ap- 
propriate for a rat will likely not be appropri- 
ate for a blue whale). A more focused topic such 

as “How do the hazel dormouse (muscardinus 

avellanarius), Eurasian harvest mouse (micromys 

minutus), deer mouse (peromyscus maniculatus), 

and wood mouse (apodemus sylvaticus) compare 
in speed when running our school’s mouse maze 

after 1 hour of practice runs?”2 is much more 
achievable. 

The key here is thinking about not just 
what you want to know, but what you can find 
out in a limited amount of time. Try to estimate 
how long each trial will take you, how many 
trials you will need for each condition, and then 
how many conditions you have time to test. Re-



member to leave a bit of leeway in case some- 
thing goes wrong. 

Once you know how many conditions you 
can test (whether that is how many mice, how 

many acids, or how many planets), you can start 
to think strategically about which conditions are 
most important to test. If you find it difficult to 
choose a good cross section of conditions know- 
ing how few conditions you can actually test, it 
may be that your research question is too broad. 
Instead of thinking about all acids, narrow your 
question down to monoprotic acids, or even just 
to monocarboxylic acids, or even further still. 

Eventually, you should have a topic with 

a single, focused research guestion? for your in- 
vestigation. While you have already been think- 
ing about it, now it is time to write down... 

Strand 3: Your Procedure 

Now that you have your focused research 
question, you need to figure out a way to control 
as many of the other variables as you possibly 
can, and as well as you possibly can. Go back 
to your brainstormed list of variables, and turn 
it into a list or table showing each variable and 
how it has been controlled. For instance: 

Amount of Milk - After preparing 250 mL 
of hot chocolate, 10 mL of whole milk will be 

carefully measured and added each time. This 
ensures that the liquid being cooled is the same 
in each test run. 

or



Variables Controlled 

After preparing 250 mL of 
hot chocolate, 10 mL of whole 

milk will be carefully mea- 
Amount of . 
Milk sured and added each time. 

This ensures that the liquid 
being cooled is the same in 
each test run. 

Table 2.1 - Controlling your variables using tables to clearly 

indicate how each variable is controlled. 

Frequently, there is more than one way to 
control each variable. For instance: 

Amount of Milk - Although only 100 mL 
of hot chocolate will be cooled in each trial, when 

I prepare the hot chocolate I will mix 1 L of hot 
chocolate with 100 mL of milk and then pour 
out 100 mL into each of my beakers after the 
hot chocolate has been stirred for 10 minutes 
while boiling on the hot plate. This ensures that 
each cooling beaker has the same proportion of 
chocolate to milk and since there is the same 
amount of liquid in each cooling beaker, there is 
the same amount of milk in each as well. 

While there are different ways to control 
each variable, some may be better than others, 

so to get full marks on this aspect, you want to 
make sure you control each variable in the best 
way possible. If you feel you cannot completely 
control a variable, it is OK to say what you have 
done to try to control it and how well you feel it 
is controlled. 

Once you have controlled your variables, 
you want to consider how many trials you need



to run in order to get reliable data. Reliable data 
should be both precise and accurate: that is to 
say the data should give you the same value each 
time you run the experiment, and that value 
should be close to the true value. 

accuracy 
When we talk about accuracy, we are talk- 
ing about closeness to the true value. The 
human body is incredibly accurate in match- 
ing caloric intake with caloric output. Even 
Jon Minnoch, the world's heaviest man, who 

had a peak weight of 635 kg or 1400 pounds,* 
ate less than 320 extra calories (intake - 

output) per day.” Assuming he died at that 
weight, that's just half an extra chocolate bar 
per day (Cadbury Dairy Milk Oreo 120g choco- 
late bar is 336 calories for half the bar), but 

actually he weighed just over 362 kg or 798 

pounds® when he died, so over his lifetime his 

average excess consumption was only about 
250 calories per day or roughly 10% of the 

2500 calories required per day.” (For compar- 
ison, a typical Snickers bar (51g) is 247 calo- 

ries.) And this is for the most obese man in the 

world. For someone weighing 200 pounds at 
100 years old, the error is less than 20 calories 
(i.e. less than 1%). This shows how incredibly 

accurate the human body is over the course of 
a lifetime. The day to day swings in both con- 
sumption and exercise, however, are quite a 
different matter--think about how much you 
eat on Thanksgiving day, or how much you



expend running a marathon. We can say the 
human body is therefore accurate, but not 
precise. 

precision 
When we talk about the precision of a mea- 
surement, we are talking about how close 
together multiple measurements are to each 
other. In the example of the half full cup, the 
data set may have been accurate, but it was 
anything but precise. The measured values 
were as far apart as they possibly could be. An 
example of an extremely precise measurement 
would be a stopped (broken) clock. It always 
measures the same time, so it is perfectly pre- 
cise, but the accuracy is +/- 12 hours. 

A well designed experiment ensures that 
measurements will be both accurate and precise. 

More data is often better, but you are con- 
strained to 10 hours of laboratory time, so just 
saying you need more data at the end as an 
improvement in your evaluation shows either a 
lack of planning--which hurts your exploration 
marks because you haven't designed for suffi- 
cient data--or a lack of efficiency in the lab-- 
which hurts your personal engagement marks 
because it shows a lack of initiative--neither of 
which you want. 

You really want to plan out in the early 
stages how long each trial will take you and 
how you want to allocate time between more tri- 
als per condition and more conditions tested. At 
the same time, you want to consider a sufficient 
number of conditions so that your overall result



isreliable. 
In determining how many trials you 

should do, you should consider how you will 
evaluate the precision of your experiment. If you 
only measure a value once, you may have a par- 
ticularly high value or a particularly low value 
and never discover that this was an outlier. If 
you measure the same value 100 times, you will 
have a very good understanding of the precision 
of that measurement, but it will also take a long 
time. In the end, you will want to balance the 
amount of time something will take with the 
added precision you will get by doing it extra 
times. 

For something like timing a pendulum 
swing, where the error in measurement is your 
reaction time hitting the start and stop but- 
tons--and these errors get added for the total 
error of one swing, but they get divided by the 
number of swings--it makes sense to allow the 
pendulum to swing back and forth 10 or 15 
times. It does not take the pendulum very long 
to swing back and forth one extra time, and 
watching two swings vs. one swing cuts the 
error in half for just an extra second or two of 
lab time. In fact, you could measure 20 oscilla- 
tions under 10 sets of conditions which would 
give you a very good feel for the precision of your 
final values while also providing a broad range 
on conditions. 

Now let's take an in depth look at a more 
complicated example: the hot chocolate ques- 
tion above--How does the ambient temperature



affect the time it takes for 250 mL of Nestle hot 
chocolate in a metal cylindrical cup with a ra- 
dius of 5cm prepared according to the directions 
and with 10 mL whole milk added to cool from 
70°C to 30°C in a room with no breeze?--and 
look at the trade off between number of trials per 
condition and number of conditions. It would 
be relatively easy to come into the lab each day, 
take the temperature of the lab, and run 6 tri- 
als during the course of that practical period. On 
Monday it might be 23.0°C, so you could run 6 
trials at 23.0°C. On Tuesday it might be 23.4°C, 
so you could run 6 trials at 23.4°C. By the end 
of the lab time, you have run the experiment 60 
times with 6 trials at each temperature and at 
10 (hopefully different) temperatures. Is this re- 
liable? Well, you certainly have a very good idea 
of how long hot chocolate takes to cool at room 
temperature by the end. Is it sufficient however? 
All of your temperatures are likely to be between 
21°Cand 25°C, so you have a very narrow range. 

Shifting to doing the lab outside with the 
same protocol will give you a wider range of 
temperatures, although unless your lab time is 
spread throughout the seasons it is unlikely to 
be too wide, so perhaps between 10°C and 30°C. 
That's a much wider range of temperatures and 
improves your experiment considerably with 
relatively little extra work (just moving the 
equipment outside) so you can probably keep 5 
trials a day (depending on how far "outside" is 
from the classroom) instead of 6. Still, the in- 

crease in sufficiency more than makes up for a



small decrease in reliability. 
Now let's try a different setup. You have a 

cylindrical donut around the hot chocolate mug 
(or beaker) which you fill with water of different 

temperatures (boiling and freezing and noth- 
ing). On the day there is nothing in the donut, 
you can get your 6 trials done fairly easily as 
there is little setup. On the days you are work- 
ing with freezing water, you have to add the ice 
to the water in the donut and then wait for the 
air temperature between the donut and the hot 
chocolate mug to cool down and level off. You 
may only get 2 measurements that day, so you 
will need to run that temperature--that condi- 
tion--on three different days. The boiling water 
condition is even more time consuming because 
it takes a long time to boil the water and it is 
difficult to keep water in the donut at that con- 
stant high temperature. If you can only get one 
measurement per day, it would take you six days 
to gather that data. So now in your 10 days, you 
have only gathered data at 3 different tempera- 
tures, but still have 6 trials at each temperature. 
Is this experiment better or worse than the pre- 
vious one? 

Certainly your line of best fit will be more 
accurate since the data are spread out consider- 
ably further than in the first experimental de- 
sign, but you still can't see the shape of that 
curve very well, so you would not know if it was 
really non-linear. 

So how can we get more temperatures? 

One way is to decrease the number of trials



we run at each temperature. If we aim for an 
ambient temperature of 0°C, 20°C, 40°C, 60°C, 

80°C, and 100°C, we will have 6 different condi- 

tions. That will show us the shape of the curve 
quite nicely, but how many trials can we run at 
each temperature? Probably only 2 trials would 
be possible at each temperature. This is a large 
increase in sufficiency and a large decrease in re- 
liability. Whether the tradeoff is worth it may 
depend on your personal engagement--are you a 
math student who really cares about the shape 
of the curve because that is what you are inter- 
ested in, or are you a skier who really cares about 
temperatures close to freezing? 

If we want to modify the experiment one 
more time to improve the methodology still fur- 
ther, that skier could choose temperatures more 
highly appropriate to their situation and look at 
0°C, 5°C,10°C, 15°C, 20°C and 25°C. This s still 
6 conditions, but the conditions are much more 

appropriate to address the research question as 
a skier might modify it. In addition, several of 
those temperatures are probably achievable ei- 
ther in the lab or outdoors on various days 
during the experiment and so 5 trials could be 
run quite easily on a single day (and if the tem- 
perature is actually 16°C outside instead of the 
planned 15°C, you can still use the data point 
as long as you note the actual temperature). On 
days when the weather does not cooperate, cold 
baths (or the classroom heater--as long as you 
adjust it at the start of the previous period) could 
be used to get an appropriate indoor tempera-



ture and 5 trials may take 2 days for those tem- 
peratures. Assuming we can get 3 temperatures 

naturally in a single day and 3 temperatures 
need two days to artificially get the appropriate 
temperature, you have spent 9 days collecting 
data and have one lesson left over in case some- 
thing goes wrong. 

As you can see, it is important that you go 
through this process of designing your experi- 
ment, thinking about the implications, and then 
redesigning it. If you wait until after you have 
collected your data to realize during your anal- 
ysis that you have made a mistake in designing 
your experiment, you will be spending many a 
day during recess or after school in the lab wish- 
ing you had planned more thoroughly ahead of 
time. 

Once you think your procedure is set and 
sound (and before you set foot in the lab), show 

it to your teacher or to a friend to get a second 
opinion. Make sure it really addresses the ques- 
tion you have asked (or change the question so 
that it does). Make sure you are controlling as 
many variables as you can. Make sure the data 
you plan to collect are relevant to your question, 
will be reliable because you have repeated your 
trials enough times, and will have been taken 
under a sufficient number of different experi- 
mental conditions to allow you to really under- 

stand the situation.8 

Strand 4: Safety



There are some labs where safety is pretty 
simple (it is difficult to injure anyone creating an 
HR diagram from data you found on the inter- 
net), but other labs where you need to consider 

the implications very carefully and perhaps de- 
cide to do a different experiment. (While you 
may be curious as to the LD50 of caffeine, is 
killing 50/100 mice by forcing them to drink so 
much coke it literally kills them worth it for one 
lab report? Probably not, and besides it contra- 
venes the “Guidelines for the Use of Animals in IB 

World Schools.”®) 
The first thing you want to consider is 

your personal safety and that of your classmates 
around you. In biology, are you working with 
animals that could get away from you and hurt 
someone? Are you using sharp instruments in a 
dissection? In chemistry, should that reaction be 
done in a fume hood? Have you minimized the 
distances you need to transport liquids to mini- 
mize the possibility of spills? In physics, are you 
working with anything hot--either radioactively 
hot or with a high temperature--or sharp? What 
are you doing that could possibly hurt those 
around you? 

The second thing you want to consider is 
the ethics of what you are doing. This shows up 
most commonly in biology when you are doing 
any sort of experiment that involves animals 
or humans. With animals, you need to consider 
whether what you are doing hurts the animal 
in any way. Understanding acid rain is a noble 
cause, but is killing fish in a fishtank fair to those



fish? With people, you need to consider what 
risks your participants will be undertaking and 
you need to ask them for informed consent after 
telling them about the risks. 

The final thing to consider is the environ- 
ment. What's going to happen to the chemicals 
you are using? Will they be disposed of safely or 
will they enter the water supply? What's going 
to happen to the hillside if you roll large boulders 
down it to test gravitational acceleration? Will it 
destroy some of the plantlife? What will happen 
to the mix of mosquitos outdoors if you geneti- 
cally modify some and then they escape? (Even 
if you are careful, those around you may not be. 
While Warwick Kerr carefully fitted the hives in 
his breeding experiment with queen excluders, 
another beekeeper removed them allowing killer 

bees to infiltrate the Americas.10) 
Make sure that any experiment you do is 

safe (or as safe as possible) for yourself and your 
classmates, the subjects of your experiment, and 

the larger community before you begin.!! If you 
have any questions as to what may be safe, see 
your teacher before you begin. 

LExploration,” Biology Guide, Feb 2014, pg. 156; Chemistry Guide, Feb 
2014, pg. 181; Physics Guide, Feb 2014, pg. 144: "The background in- 
formation provided for the investigation is entirely appropriate and 
relevant and enhances the understanding of the context of the investi- 

gation." 
2Shazza, "Mouse Species Guide," Sep 2016: valuable information on vari- 
ous mouse species. 
3Exploration," Biology Guide, Feb 2014, pg. 156; Chemistry Guide, Feb 
2014, pg. 181; Physics Guide, Feb 2014, pg. 144: "The topic of the inves- 

tigation is identified and a relevant and fully focused research question 
is clearly described." 

4Guinness, 2006. 
>Wishnofsky, 1958, pg. 546: assuming a protein/glycoen equilibrium



value of 3500 calories per pound. 
SGuinness, 2006. 
"Wishnofsky, 1958, pg. 543. 
S+Exploration," Biology Guide, Feb 2014, pg. 156; Chemistry Guide, Feb 
2014, pg. 181; Physics Guide, Feb 2014, pg. 144: "The methodology of 
the investigation is highly appropriate to address the research question 
because it takes into consideration all, or nearly all, of the significant fac- 
tors that may influence the relevance, reliability and sufficiency of the 
collected data.” 
“Guidelines for the Use of Animals in IB World Schools,” Sep 2016, pg. 
2: “experiments that administer drugs or medicines or manipulate the 
environment or diet beyond that which can be regarded as humane is 
unacceptable in IB schools.” 
1%>ave Langston, “Africanized Honey Bees: Historical Perspective,” Sep 
2016. 
vy ploration,” Biology Guide, Feb 2014, pg. 156; Chemistry Guide, Feb 
2014, pg. 181; Physics Guide, Feb 2014, pg. 144: "The report shows evi- 
dence of full awareness of the significant safety, ethical or environmen- 
talissues that are relevant to the methodology of the investigation."



Chapter 3 - Analysis - 6 Marks 

This criterion is all about how you treat 
the data you actually collected, and in particu- 
lar it deals with how you deal with both the 
uncertainties inherent in your raw data and the 
uncertainties which are discovered upon analy- 
sis. All data has uncertainties in both accuracy 
and precision. The final strand then focuses on 
the correct interpretation of the uncertain data 
to allow a valid and detailed conclusion to be 

drawn.! (Note that the actual conclusion doesn't 

matter for the analysis criteria--the conclusion 
will be judged in the evaluation criteria--it just 
has to be possible to draw the correct conclu- 
sion.) 

Because a quarter of your grade is based 
on how you treat data, you want to make sure 
you get as much data as you can from your 
time in the lab. Use a lab notebook. Write down 
the date each time you come into the lab and 
write down everything you notice that could 
affect your experiment: the temperature in the 
room, the amount of sunlight, how long it 
takes the Bunsen burner to boil the water, what 

color the solution is before and after distillation. 
All of your control variables values should be 
recorded. Anytime you have a few minutes to 
spare, look around and observe your experiment 
and write down what you see, what you hear, 
what you smell, or what you feel. The more you 
write down during the experiment, the more



you will have to draw from as you analyze your 
data. 

While you are working on your internal 
assessment in the lab, each day when you get 
home you should write up the data you collected 
on that day. This will help you catch issues early 
so you can rerun parts of the lab if you discover 
you didn't do something correctly. It will also let 
you see if something interesting is happening. 
For instance, if you find the density of water at 
-3°C, 0°C, 3°C, and 6°C, you may notice some- 

thing odd is happening and choose to find the 
density at 4°C, 5°C, and 9°C in the lab the next 

day. If you did that, you would find that the 

density of water peaks at 4°C2--something you 
wouldn't have found out if you had just contin- 
ued measuring at 3°C intervals. 

Strand 1: Raw Data 

In order to grade your analysis of your 
data, the first thing a grader--whether it is your 
teacher or the moderator--needs to see is your 
raw data. You must include this in some form 
whether it is a graph, a table, a list, or described 

in paragraphs. Qualitative data should accom- 
pany the quantitative data and controlled vari- 
able values should not be neglected. If you have 
a large quantity of data--unless you are taking 

biology3--it can be appropriate to include this in 
an appendix (where it doesn't affect your page 
count). If the complete data set is found in the 

appendix, a graph of the data should be in the



body of your paper to satisfy the requirement 
that raw data be included because moderators do 

not need to read the appendices.* 
Sometimes, if you have gathered a lot of 

data (for instance with a data logger), it is really 
the data you derive which is important. In these 
cases, you can treat the derived data as your raw 
data and then process it further. The original 
raw data does not need to be included in these 

instances.’ 
Make it easy for your grader to find your 

data by including a section in your report ti- 
tled "Data Analysis" with subsections titled "Raw 
Data" and "Processed Data." 

Two key terms in the strand 1 descrip- 

tor are sufficient and relevant.® Sufficient means 
you need enough data to be able to draw conclu- 
sions. Relevant means you only want to include 
data that impacts on your research question. 
Temperature is relevant if you are measuring 
cooling rates, but not if you are measuring force 
required to break a wooden plank. 

The next key terms are quantitative and 
qualitative. Quantitative data is anything in- 
volving numbers. Once you have designed your 
procedure, you can create tables in your lab 
notebook to ensure you capture all the rele- 
vant quantitative data you designed the exper- 
iment to capture. During the experiment, you 
may think of other quantitative data you wish 
to record and you could measure and record that 
data on the facing page. It is important with 
quantitative data that you include uncertainties



associated with each number. Uncertainties will 
be discussed in further depth in strand 3 below, 
but remember there are both uncertainties in- 
herent with your equipment (which you can fre- 
quently look up or ask the lab technician for) 
and uncertainties inherent with your procedure. 
Both should be recorded in your lab notebook. 

Qualitative data is anything for which a 
number is either unknown or inappropriate. For 
instance, you may be taking data over several 
days, but on day three the air conditioner is bro- 
ken and you feel extremely hot working in the 
lab. You may not think it is relevant to your ex- 
periment on that day, but it is good to record 
this data because when you look back at your 
results you may find it has an impact. A simple 
statement in your lab book saying "It is very 
hot today." is a qualitative way of describing this 
information. Of course you could also take out 
a thermometer and measure the temperature 
which would turn the data back into quantita- 
tive data. Similarly, might notice that when you 
mix two chemicals together you get a green lig- 
uid. As you continue stirring them, the liquid 
may turn blue, and then red, and then green 
again. A simple statement as to the color of the 
liquid is a qualitative way to capture this data. 
Once again, if you want to make it quantitative, 
you can get out a spectroscope and measure the 

wavelength(s) of light which make up that shade 
of green. 

It is not just the data about your inde- 
pendent and dependent variables which are im-



portant. You should also include information 

about your control variables.” This data helps 
the moderator understand the context of your 
experiment and can help explain an unexpected 
outcome. 

The final three key words are support, de- 

tailed, and valid.8 You data needs to be able to 

support a conclusion which is both detailed and 
valid. As you get to hours 7 or 8 in the lab, you 
should start to see what the results of your lab 
will be as you work on your report at night be- 
tween laboratory sessions. Start thinking about 
what your conclusion will be and ask yourself, 
do I have enough data to support this conclu- 
sion. As you read through chapter 4, you will 
see that a good conclusion has limitations, but 
the more of those limitations you can remove by 
taking more data, the better. Think about how 
you can best use the last few hours of lab time to 
gather the most important data to support your 
conclusion even if it means changing your initial 
plan somewhat. 

Your conclusion must be detailed, which 

means you need to have enough data to support 
that level of detail. If you are graphing the data, 
do you have a smooth curve, or is it jagged in 
some way. If it is jagged, one question you might 
ask is whether the function is really jagged or 
whether that data point is merely an outlier 
due to problems you had conducting the experi- 
ment. One way to check is to look at data points 
on either side. Think about the density of water, 
for instance. Initially, the density is increasing



until 3°C, and then it decreases at 6°C. Is the dip 
at 6°C real, or is it a problem with your mea- 
surement of that data point. By taking measure- 
ments at 4°C, 5°C, and 9°C you could see that 

a) there really is a maximum--not at 3°C but at 

4°C, and b) the decreasing trend continues past 
6°C. This gives you an increased level of detail 
that your original plan to take measurements 
every 3°C would not have given you--no matter 
how carefully you made your measurements. 

Finally, your conclusion must be accu- 
rate. This means ensuring your data is both pre- 
cise (when you conduct three trials, how close 

are your values to each other), and accurate 

(were you careful in your procedure so that your 
values are the true ones, or did you have system- 
atic errors which moved all your trials in a par- 
ticular direction). 

Strand 2: Accuracy of Processed Data 

Once you have your data, you will need to 
process that data in some way. If you have done 
multiple trials, you may need to average the re- 
sults. You will also have a chance at this point to 
evaluate the precision of your measurements. A 
quick way to find a rough estimate for the pre- 
cision of your experiment is to take the highest 
and lowest values, subtract them, and divide by 

two. If you have a lot of measurements, a bet- 
ter way is to find the standard deviation of your 
measurements and to say that the actual value 
is likely to be within two standard deviations of



the mean. 
Having done this, you need to compare 

the precision of your measurements with the 
accuracy of the measurements. Remember the 
stopped clock. Just because every measurement 
is identical doesn't mean you have no uncer- 
tainty. Just because an electronic sensor gives 
you 15 significant figures doesn't mean they are 
all meaningful. As a general rule of thumb, you 
can take the larger of the two uncertainties (this 

works well if one is large and one is small, if both 
uncertainties are about the same size, the actual 

uncertainty will be somewhat larger). 
Of course if you are investigating some- 

thing involving a complicated equation, you 
need to propagate your errors properly. If you 
are multiplying two measured quantities to- 
gether, for instance, you will need to find their 
percentage error and then convert that back to 
an absolute error at the end. 

Another way of processing data is by pre- 
senting it in a graphical form, especially if you 
are finding a line of best fit or a constant of pro- 
portionality. 

Remember data should be plotted accu- 
rately on both the x- and y-axes, and that you 
should have both vertical and horizontal error 
bars. Think back to the hot chocolate experi- 
ment. You intended the ambient temperature to 
be 0°C, 5°C, 10°C, 15°C, 20°C, and 25°C; but 
you were using the temperature inside the class- 
room and outside the school to get some of those 
temperatures. Even if you set the air conditioner



to exactly 20°C, the temperature around your 
hot chocolate might be a little higher or a little 
lower (say 20.3°C). When we take weather into 

account, the closest mother nature might pro- 
vide to 10°C might be 11.1°C. The x-coordinates 
you should be plotting are therefore 11.1°C and 
20.3°C, not 10°C and 20°C. The errors, however 

are those of your thermometer (+/- 0.1°C), not 

the distance from your intended temperature. 
Remember that if you are finding a line 

of maximum slope or a line of minimum slope, 
you want to be careful to hit all of your data 
points within your error bars. In other words, if 
you carefully make a box around each data point 
such that the sides of your box just touch the 
outside of your error bars, any line representing 
your data should enter each and every box. 

It is important in all your processing that 
you check your work for accuracy--both your 
manipulation of the actual data and the propa- 
gation of the error. The key here is to do enough 
data processing accurately so that you can make 
a conclusion which addresses your research 
question which is fully consistent with your raw 

data.® 

Strand 3: Measurement Uncertainty 

When we initially record our data, we 
know something about its accuracy from the 
documentation that comes with our equipment. 
We may have a stopwatch that shows hun- 
dredths of a second, for instance, and so the



manufacturer of that stopwatch is implying 
that each measurement is accurate to +/- 0.005 
seconds. Now if you are pressing the stop button 
with your hand, you can do a mini experiment 
to see what your reaction time is. Press start and 
then press stop as fast as you can. The time you 
see is the fastest your hand could react. While 
the stopwatch may be accurate as a device to +/- 
0.005 seconds, the stopwatch being held by your 
hand is likely to have a worse accuracy. 

It isimportant to remember when record- 
ing your data that both your dependent and 
your independent variables will have uncertain- 
ties dealing with the accuracy of your equip- 
ment. Unless you are dealing with discrete quan- 
tities like the number of chicken eggs cracked 
into a beaker (which you are likely to know ex- 
actly), chances are both variables should have a 

+/- attached to them. 
While students tend to understand that 

they must measure the independent variable, 
they frequently forget that the dependent vari- 
able should be measured as well. I think many 
students feel that since the procedure says they 
need 100mg of copper, and they measured 100 
mg, that the mass of that copper is actually 
100mg. If you put that copper on a more sen- 
sitive balance, you may find that the actual 
amount is somewhat more or less than intended 
(perhaps 100.45 mg). That measured value then 
has uncertainty due to the sensitivity of the bal- 
ance as well. 

Similarly, in chemistry, if you are drop-



ping in 5 mL of a chemical into a solution, you 
should write down how much of the chemical 
was in the burette before and after you added 
the chemical. Subtracting those two numbers 
(and adding their uncertainties) should give you 
5 mL, but in my experience if there is an error, 
too much was added more frequently than too 
little (as students who added too little will try 

to add a little more, but students who added too 

much have no recourse). When you are plotting, 
say, pH vs. volume of acid added on a graph, you 
want to graph the actual volume added, not vol- 
ume you intended to add. Yes, measuring care- 
fully will help you be accurate, but being honest 
about your errors by reporting what actually 
happened will make your graph and data analy- 
sis more accurate despite the measuring error. 

In summary, measure both dependent 
and independent errors; record both the error 

inherent in the equipment and the error in- 
herent in your procedure; where ever possible, 
check the accuracy of measured quantities by 
measuring them in a different way; propagate 
your errors when you process your data; and 
display your uncertainties whether you present 
your final values graphically, in a table, or in the 

text.10 

Strand 4: Correct Interpretation 

The final strand deals with how you talk 
about the data you have processed in the text. 
Ensure that in the paragraphs where you de-



scribe your final results, you are interpreting 

your data correctly.1! 

LeAnalysis," Biology Guide, Feb 2014, pg. 157; Chemistry Guide, Feb 2014, 
pg. 181; Physics Guide, Feb 2014, pg. 145: "The processed data is cor- 
rectly interpreted so that a completely valid and detailed conclusion to 
the research question can be deduced.” 
2J.C. Kotz, P. Treichel, and G.C. Weaver, Chemistry & Chemical Reactivity, 
Thomson Brooks/Cole, 2005, as cited in "Water," Wikipedia, last modi- 
fied 12 Feb 2016: actual maximum density is 3.98°C or 39.16°F. 

3Biology Subject Report, May 2016, pg. 7: “Candidates should not add 
on appendices in addition to a write up of about 12 pages and should 
not send in excessive quantities of raw data from data loggers (although 
showing an example of how raw data have been processed will be helpful 
to the moderator).” 

“Chemistry Subject Report, May 2016, pg. 7: “Some students did include 
lengthy appendices in order to circumvent the page limit ruling but this 
is not an acceptable strategy since examiners do not have to read the ap- 
pendices so vital marks could have been lost.” 
SBiology Subject Report, May 2016, pg. 4: “A candidate should only 
present a representative sample of the raw data, for example, when large 
amounts of data have been collected using data logging. A representa- 
tive graphical readout revealing how datais derived is acceptable. In this 
way the derived data becomes the raw data.” 
Svanalysis," Biology Guide, Feb 2014, pg. 157; Chemistry Guide, Feb 2014, 
pg. 181; Physics Guide, Feb 2014, pg. 145: "The report includes sufficient 
relevant quantitative and qualitative raw data that could support a de- 
tailed and valid conclusion to the research question." 
"Chemistry Subject Report, May 2016, pg. 4: “Fewer students though 
also included associated data such as qualitative observations or the 
data regarding the control variables such as reaction temperatures or 
reactant amounts. It is this wider data that can provide valuable context 
for the evaluation of the procedure.” 
Svanalysis," Biology Guide, Feb 2014, pg. 157; Chemistry Guide, Feb 2014, 
pg. 181; Physics Guide, Feb 2014, pg. 145: "The report includes sufficient 
relevant quantitative and qualitative raw data that could support a de- 
tailed and valid conclusion to the research question." 
SvAnalysis," Biology Guide, Feb 2014, pg. 157; Chemistry Guide, Feb 2014, 
pg. 181; Physics Guide, Feb 2014, pg. 145: "Appropriate and sufficient 
data processing is carried out with the accuracy required to enable a 
conclusion to the research question to be drawn that is fully consistent 
with the experimental data." 
1% nalysis," Biology Guide, Feb 2014, pg. 157; Chemistry Guide, Feb 
2014, pg. 181; Physics Guide, Feb 2014, pg. 145: "The report shows ev- 
idence of full and appropriate consideration of the impact of measure- 
ment uncertainty on the analysis." 
analysis,” Biology Guide, Feb 2014, pg. 157; Chemistry Guide, Feb 
2014, pg. 181; Physics Guide, Feb 2014, pg. 145: "The processed data is 

   



correctly interpreted so that a completely valid and detailed conclusion 
to the research question can be deduced.”



Chapter 4 - Evaluation - 6 
Marks 

Your evaluation section is where you 
present and justify your conclusion, and also 
where you look for ways to improve your 
methodology in the event you were to repeat 
your experiment. This should be in a section of 
its own in your report, titled either "Evaluation” 
or "Conclusion." 

Creating a Conclusion 

It is time now to go back to your 
original research question. You may even want 
to restate it at the start of this section: "I 
began this [laboratory investigation / spread- 
sheet model / graphical analysis of database in- 
formation / simulation] hoping to discover ...." 
In any event, you want to double check that the 
research question as stated in the abstract, intro- 
duction, and conclusion all match in content if 

not in exact wording. 
A good conclusion must directly answer 

this guestion,! so you should start by consider- 
ing what your data analysis is telling you about 
your question. It may be that your data does 
not give you as complete an answer to your 

question as you had initially intended--and you 
can address that in identifying weaknesses and 
proposing improvements below, but you want



to use your data to answer your research ques- 

tion as directly as you can. 
Let's take an example: you are looking 

at the density of solids and liquids close to 
the freezing point. Your question is to discover 
whether solids or liquids are more dense. In your 
data you see copper, iron, gold, and egg white are 
all denser as solids than as liquids, but that water 
is denser as a liquid than as a solid. You there- 
fore know that you cannot make a broad state- 
ment claiming that all solids are denser than 
all liquids, but you can say, "For the majority 
of materials I tested, solids are denser than lig- 
uids at the temperatures at which I was able to 
measure them. The exception was water which 
was less dense as a solid despite repeated careful 
measurements." This is still entirely relevant to 
the research question while remaining fully sup- 
ported by the data. 

For those of you who are curious, I have 
presented some accepted values for the sub- 
stances in question below. 

Densities of Various Substances as 

Solids and Liquids 

sibsance Sonsy el sl 
copper 9.0 +/-0.1 8.0+/-0.1 

iron 7.9 +/-0.1 7.0 +/-0.1 

gold 19.3 +/-0.1 17.3 +/-0.1 

egg white  higher 1.0+/-0.1



water 0.9 +/-0.1 1.0+/-0.1 
  

Table 4.1: Here are accepted densities of various solids and liquids that 
might have resulted in the experimental results described in the ex- 
ample above. Data Sources: Copper data from Wikipedia last modified 
15 Feb 2016, solid density is at room temperature. Iron data from 
Wikipedia last modified 7 Jan 2016, solid density is at room tempera- 
ture. Gold data from Wikipedia last modified 11 Feb 2016, solid density 
is at room temperature. Liquid egg white density found on this website 
viewed on 15 Feb 2016, conversion for metric cups can be found here 
viewed on 15 Feb 2016, and evidence for a higher solid density can 
be found here viewed on 15 Feb 2016. Water data from Wikipedia last 
modified 12 Feb 2016, liquid density is at 4 degrees Celcius. 

A strong conclusion should not just state 
an answer to the research question, it should be 
qualified--it should say when this answer is the 
correct one for the research question and when 
(due to lack of data or limitations on apparatus) 

it is unknown whether it is true. Remember that 
in science, unlike in math, no amount of exper- 

imentation can ever prove a theory to be true. 
A single disagreeing fact can disprove the most 
established of theories. The orbit of Mercury, 
for instance, proved that Newtonian gravity was 
wrong despite the fact that all the other plan- 
ets and moons seemed to obey Newton's law. If 
Newton were submitting an IA on gravity, he 
might say, "For all the large bodies in the solar 
system except for Mercury, my laws of gravita- 
tion appear to apply within the error bars of my 
observations." 

While it is easy to qualify data if you have 
outlying data points, it is just as important to 
put limits on your conclusions if all of your data 
agrees. Just imagine you had only measured cop- 
per, iron, and gold; or that you had only looked



at Venus, Earth, Mars, Ceres, and Jupiter in terms 

of gravity. Just because you haven't seen an out- 
lier, doesn't mean one does not exist, so you need 

to couch your conclusions with that in mind. 
"Within the limits of my experiment, it appears 
that objects inside my lab--at least those which I 
have tested--fall to the floor when dropped from 
a height so long as nothing is between them and 
the floor." (Obviously you didn't test a helium 
balloon, but you have qualified your conclusion 
by saying "at least those which I have tested.") 

Once you feel you have a strong conclu- 
sion, you will need to justify it in two different 
ways: first with your own data, and then with 
scientific theory. 

Strand 1: Justifying with Data 

For the first strand--justifying your con- 
clusion with your data--it does not actually mat- 
ter if your conclusion is correct or not. What 
matters is that it is detailed and fully supported 

by your data.? (For the second strand, however, 

your conclusion must be correct? to achieve the 
5-6 band, so you can't get a level 6 with an 
incorrect conclusion no matter how much your 
data supports it.) It is important at this stage 
to consider every facet of your conclusion and 
ask yourself the ToK question: How do I know 
that? If you feel your conclusion has said some- 
thing you can't find in your data, add a qualifier. 
Instead of "For all the planets in our solar sys- 
tem ...," you might start off "For all the known



planets in our solar system ...." Instead of "For 
all acids ..." you might say "For all hydrocarbon 
based acids with four or fewer carbons ..." if 
that is what you actually tested. Instead of "For 
all mammals ..." you might say "For the three 
species of bat that I tested ...." 

You want to make certain in describing 
your reasoning that you give the strongest sup- 
port possible with your data. It is insufficient, 
for instance, to merely state that since the line 
of best fit has a given slope, that slope is the 
constant of proportionality. You must first show 
that the relationship is a proportional one by 
showing that a y-intercept of zero is consistent 
with your data (that there exists a line going 
through (0,0) which also goes through each data 
point (within the error bars)). 

Strand 2: Justifying with Theory 

You now have a detailed conclusion en- 
tirely relevant to your research question which 
is fully supported by your data. The next step is 
to justify your conclusion by comparing it to the 
accepted scientific context. This means heading 
to the library and researching what other scien- 
tists have found and what theories they've come 
up with. Your textbook is a wonderful start- 
ing place, but any information you find there is 
likely to be out of date. Science News is a great 
way to bring your findings up to date with cur- 
rent research. Their articles are short (the entire 

magazine is only 16 pages long each week so



most articles are less than one page), and they 
have a great index at the end of each year of 
the articles that have appeared the year before. 
arXiv is another great resource for new articles 

in physics and biology, but the articles there are 
written for fellow researchers so I would recom- 
mend reading just the abstracts at first, and if 
you find an article to be particularly relevant, 
only then attack the introduction and conclu- 
sion. 

Your goal for this strand is to demon- 
strate to your grader that your conclusion is 
true given the current state of knowledge for 
your area of research. For some areas of research, 
the current state of knowledge is fairly well es- 
tablished (classical mechanics for instance). For 

other areas, such as the understanding of newly 
discovered exoplanets, the field is quite new and 
you may discover something completely new to 
science which you could publish in a peer re- 
viewed journal. In either case, you want to dis- 
cuss the theory surrounding your findings and 
justify why you feel your conclusion is true. 

This subsection of your report should 
contain several footnotes to the different sources 
you used for learning the theory related to your 
experiment. 

Strand 3: Identifying Weaknesses 

While it is fine to start out discussing 
what you feel you did well in your experiment, 
the focus of this strand is on honing in on



your weaknesses to understand how you could 
have improved your experiment. What limita- 
tions were there on your data? What were your 
sources of error or uncertainty? Some uncer- 
tainty is needed in any measurement, but as you 
write you should start thinking about how you 
could have reduced the magnitude of your un- 
certainties (see Strand 4). What was good or bad 

about the method that you used for collecting 
data? 

When you are looking at the limitations 
of your data, it is insufficient to say "I should 
have collected more data." No one expects you, 
in 10 hours, to collect data on every element of 
the periodic table, for instance. You will neces- 
sarily be collecting a sampling of data and you 
want to look at how issues of sampling affected 
your results. Did you have equal numbers of 
male and female animals in your experiment, for 
instance? Did you use an equal number of acids 
and bases with pH's more or less evenly spread 
out from 1 to 14? Was the coefficient of friction 
and size really the same on the various balls of 
different masses that you used? 

When you are discussing the sources of 
error in your experiment, you should evaluate 
how much uncertainty each weakness contrib- 
uted to your experiment. Simply stating that 
there was "human error" may be true but is 
insufficient. If you say it was hard to hit the stop- 
watch at exactly the peak of a swing, try to esti- 
mate how early or how late you may have been. 
The more you can quantify your uncertainties,



the more you can focus later in your improve- 
ments on the ones which really matter. 

Finally look at your actual method. If 
you measured the density of a metal at room 
temperature instead of 1,000°C, that made your 
measurements a lot more practical to obtain, but 
you then have to consider how a change in tem- 
perature affects the density of a solid. Similarly, 
how might an air conditioner, kicking on unex- 
pectedly in the middle of your experiment, have 
affected the results? 

Strand 4: Proposing Improvements 

It is generally good form for the improve- 
ments to address the weaknesses you described 
above, and some students will make a table 

which shows the weaknesses and improvements 
side by side. For it to be a good improvement, it 
must both help the experiment (be relevant) and 

be accomplishable with the materials at your 
school (be realistic). 

Shutting the windows before a simulation 
where dice rolling simulates radioactive decay is 
unlikely to actually change the results. Ensuring 
that none of the dice is loaded is much more 
likely to be relevant to your experiment. 

Stating that you will steal an atomic clock 
to get more precise timing data is not realistic. 
Recording a video of the experiment with your 
phone so you can replay it frame by frame, how- 
ever, will allow you to analyze the timing data 
much more precisely with equipment you have



at hand. 

I'Internal Assessment Details: Evaluation," Biology Guide, Feb 2014, pg. 
157-8; Chemistry Guide, Feb 2014, pg. 182; Physics Guide, Feb 2014, pg. 
146: The conclusion is "1-2: ...not relevant...; 3-4: ...relevant...; 5-6: ... 
entirely relevant..." to the research question. 
2nternal Assessment Details: Evaluation,” Biology Guide, Feb 2014, pg. 
158; Chemistry Guide, Feb 2014, pg. 182; Physics Guide, Feb 2014, pg. 
146: "5-6: A detailed conclusion is described and justified which is en- 
tirely relevant to the research question and fully supported by the data 
presented.” 
3'Internal Assessment Details: Evaluation," Biology Guide, Feb 2014, pg. 
158; Chemistry Guide, Feb 2014, pg. 182; Physics Guide, Feb 2014, pg. 
146:"5-6: A conclusion is correctly described and justified through rel- 
evant comparison to the accepted scientific context." 

  

 



Chapter 5 - Communication - 4 
Marks 

Your entire IA should be between 6 and 
12 pages starting from the first page of your in- 
troduction and ending with the last page of your 
conclusion. If you write more than 12 pages, you 
will be penalized in communication because you 

have not written concisely.! You do not need 
to count your title page, abstract, table of con- 
tents, appendices, or bibliography in your page 
count. Please note that biology IA’s are not al- 
lowed to have a separate title page, a full page 

table of contents,? or appendices,? and that for 
chemistry* and physics IA’s moderators are not 
required to read your appendices so anything 
which is critical to your paper does not belong in 
an appendix. 

Your title page and abstract should not 
have page numbers so that the first page of your 
introduction should be page 1. On most word 
processing programs, you can do this by having 
your introduction be the beginning of a new sec- 
tion. Make sure your headers and footers do not 
match the previous section (if "Match Previous 

Section" is checked, then any changes you make 
to the introduction will also be made to the title 
page and you will wind up with two page 1's). 
Your appendices and bibliography should have 
page numbers, however, so you do not need an 
extra section for them. 

 



Also, remember that it is better to add 

a table of contents automatically (Insert -> 

Table of Contents -> Document) rather than cre- 

ating one on your own. The automatic table of 
contents will update the page numbers as you 
work, add sections as soon as you add them in 
your document (be sure to use "Styles -> Head- 
ing" or "Styles -> Heading 2" to add sections 
and subsections so the table of contents can 
find them), and generally ensure that everything 
looks perfect for your final draft. If you create a 
table of contents on your own, not only is it a 
lot more work, it generally doesn't look as good 
and it is very easy in the flurry of last minute 
changes to forget to check that every page num- 
ber is up to date. 

Take a moment now to check that you 
have numbered your pages correctly, to ensure 
that you have fewer than 12 pages (if you are 
over, try reducing the font size to 9 and doing 1.5 
spacing (or even single spacing) instead of dou- 
ble spacing) and more than 6 pages (if you are 
under, try increasing the font size to 12 and dou- 
ble space the document). 

When you have finished checking your 
work, click here.



Abstract 

An abstract is not required for science 
IA's, but it can be a good way to showcase the 
marks you have earned in a way which commu- 
nicates your experiment clearly. Going through 
the criteria, you can address the rubric, show- 

ing that you have earned full marks in each area. 
For personal engagement, you can state the per- 

sonal significance, interest, or curiosity which 
led you to design your experiment; and if you 
have designed, implemented, or presented your 
investigation in a particularly unique way you 

can showcase that as well.> For exploration, you 
can state your focused research question; point 
to background research you have done (merely 
mentioning the main points here and not de- 
scribing it in detail); describe briefly the meth- 

ods you used stating all significant factors; and 
addressing any safety, ethical, or environmental 

issues where relevant.® For analysis, you can 
state the categories of quantitative or qualita- 
tive data you collected; summarize the processed 
data including error bars where appropriate and 
the uncertainties which led to those error bars; 

and stating your conclusion with any neces- 

sary caveats.” For evaluation, you should state 
in one sentence the justification of your con- 
clusion by your data and in a second sentence 
the justification of your conclusion based on 
the scientific principles you have learned. You 
should also mention strengths and weaknesses 
in your investigation as well as suggestions for



improvement.8 
By showcasing these key points on focus, 

process, and outcomes at the very beginning of 
your writeup, you will highlight for the grader-- 
whether that is your teacher or a moderator-- 
that you have earned all the points you feel you 
should have earned. In addition, by structuring 
your abstract in a single page with either four 
short paragraphs (one per criteria), or in a sin- 
gle long paragraph, you will have shown the 
grader that you can communicate clearly and 
hence should earn full marks on communication 

as well.? The final benefit that writing a good 
abstract provides for you is that if you cannot 
answer any of the points listed above, you will 
know that your paper is missing critical material 
and you can go back and fix those sections. Sim- 
ilarly, your teacher can help to guide you in the 
weaker areas of your paper without needing to 
read the entire paper (and hence using up your 

one and only!© rough draft). 

Strand 1: Error Free 

It is time now to proofread your report. 
Any errors--even a simple typo--which makes it 
hard to understand the focus, process, or out- 

come could put your 4 marks in jeopardy, so 
once you've read through your paper for the last 
time, give it to your friend and your English 
teacher to make sure that they can understand 
it. If they are confused about something, that is 
probably an area you want to work on to make



sure it is more clear and error-free. 

Strand 2: Structure 

Make sure you have laid out your investi- 
gation in a well structured manner. Do you have 
an Introduction, a Procedure, a Data Analysis 

section, and an Evaluation or Conclusion? These 

are sections every grader looks for to give you 
marks on the criteria. If you have hidden them 
away without giving them bold section titles, 
they may be missed. 

Now go through page by page. Check that 
all your footnotes are in the proper format, and 
that every source which appears in a footnote 
also appears in the bibliography. You should 
have many footnotes in your introduction and in 
the section of your evaluation where you justify 
your conclusion with theory. 

Strand 4: Terminology 

Check your language. Make sure you have 
a clear understanding of all the words you have 
used. Subject specific terminology must be ap- 
propriate and correct. There are no bonus points 
for using big words, so if you can use simpler 
words in a clearer way, go ahead and do so. 

Strand 3: Concise 

Go through your write up one more time 
looking for anything that is not needed. Is



there any background in the introduction which 
doesn'’t really give background to your question? 
Have you given an outline of your procedure 
which would allow someone to repeat your ex- 
periment without repeating yourself or being 
overly detailed? Does your conclusion stick to 
points supported by your data? If there is any- 
thing which is not needed for your report, take it 
out. 

Finally, after making all of the above 
changes, it is important to scroll to the back one 
final time and make sure you aren't over that 12 
page limit. If you are, it will cost you points in 
communication. 

!Biology Guide, Feb 2014, pg. 153; Chemistry Guide, Feb2014, pg. 178; 
Physics Guide, Feb 2014, pg. 142. 
2Biology Subject Reports, May 2016, pg. 6: “Use of whole pages for titles 
or contents. These are not necessary.” 

3Biology Subject Report, May 2016, pg. 7 “Candidates should not add on 
appendices in addition to a write up of about 12 pages.” 
4Chemistry Subject Report, May 2016, pg. 7: “Some students did include 
lengthy appendices in order to circumvent the page limit ruling but this 
is not an acceptable strategy since examiners do not have to read the ap- 
pendices so vital marks could have been lost.” 
SBiology Guide, Feb 2014, pg. 155. 
SBiology Guide, Feb 2014, pg. 156. 
"Biology Guide, Feb 2014, pg. 157. 
8Biology Guide, Feb 2014, pg. 158. 
9Biology Guide, Feb 2014, pg. 158. 
1%Guidance and Authenticity," Biology Guide, Feb 2014, pg. 148; Chem- 
istry Guide, Feb 2014, pg. 173; Physics Guide, Feb 2014, pg. 136: "As part 

of the learning process, teachers should read and give advice to students 
on one draft of the work. The teacher should provide oral or written 
advice on how the work could be improved, but not edit the draft. The 
next version handed to the teacher must be the final version for submis- 
sion."



Chapter 6 - Closing Remarks 

Grade boundaries on IA's, unlike grade 
boundaries for the external exams, tend to be 

stable from year to year, so I am providing a 
table with them below. Of course it is my hope 
that the only grade you need to know is that full 
marks gets you a level 7. 

IA Grade Boundaries 
1 2 3 4 5 6 7 

0-3 4-6 7-10 11-13 14-16 17-19 20-24 

Table 6.1 - These are the internal assessment grade 

boundaries.! 

I hope you have found this book useful to 
you in perfecting your science IA this year. If you 
found it valuable, please let your friends know 
about this and other books in the "Earning Full 
Marks" series, post a link to it on your blog or in 
IB chat rooms, and give it a 5-star rating on Ama- 
zon here (click, then swipe to next page). 

If, however, you found it lacking in any 
way, please let me know how I can improve it 
for future students by sending me an eMail and 
I will make the changes and send them out to 
all the students using the eVersion of this book, 
as well as to all new purchasers of the paperback 
version. 

Thank you for your support. 

  

Physics Subject Reports, May 2016, pg. 2.
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Biology Labs 

Prescribed Practicals 

1.Use a light microscope to investigate the 
structure of cells and tissues, with drawing 
of cells. Calculation of the magnification of 
drawings and the actual size of structures 
and ultrastructures shown in drawings or 
micrographs. (pg. 30) 

2.Estimation of osmolarity in tissues by 
bathing samples in hypotonic and hyper- 
tonic solutions. (pg. 33) 

3.Experimental investigation of a factor 
affecting enzyme activity. (pg. 42) 

4. Separation of photosynthetic pigments by 
chromatograph. (pg. 47) 

5. Setting up sealed mesocosms to try to estab- 
lish sustainability. (pg. 60) Mesocosms can 
be set up in open tanks, but sealed glass ves- 
sels are preferable because entry and exit of 
matter can be prevented but light can enter 
and heat can leave. Aquatic systems are 
likely to be more successful than terrestrial 
ones. (pg. 60 Guidance) 

6. Monitoring of ventilation in humans at rest 
and after mild and vigorous exercise. (pg. 
78) Ventilation can either be monitored by 

simple observation and simple apparatus or 
by data logging with a spirometer or chest 
belt and pressure meter. Ventilation rate 
and tidal volume should be measured, but



the terms vital capacity and residual vol- 
ume are not expected. (pg. 79 Guidance) 

7.HL-Measurement of transpiration rates 
using potometers. (pg. 92) 

Understandings 

1. Temperature, pH and substrate concentra- 

tion affect the rate of activity of enzymes. 

(pg. 42) 
2. Enzymes can be denatured. (pg. 42) 

Applications and Skills 

1. Application: Investigation of functions of 
life in Paramecium and one named photo- 
synthetic unicellular organism. (pg. 30) 

2.8kill: Drawing of the ultrastructure of 
prokaryotic cells based on electron micro- 

graphs. (pg. 31) 
3. 8kill: Drawing of the ultrastructure of eu- 

karyotic cells based on electron micro- 

graphs. (pg. 31) 
4. Skill: Interpretation of electron micrographs 

to identify organelles and deduce the func- 
tion of specialized cells. (pg. 31) 

5. Skill: Determination of a mitotic index from 
a micrograph. (pg. 35) 

6. Skill: Use of molecular visualization soft- 
ware to compare cellulose, starch and glyco- 
gen. (pg. 39, see also pp. 36 & 40 Aim 7) 

7. Skill: Determination of body mass index by 
calculation or use of a nomogram. (pg. 39)



8. Application: Denaturation of proteins by 
heat or by deviation of pH from the opti- 
mum. (pg. 40) 

9. Application: Methods of production of lac- 
tose-free milk. (pg. 42) 

10. Skill: Design of experiments to test the effect 
of temperature, pH and substrate concen- 
tration on the activity of enzymes. (pg. 42) 

11. Application: Use of anaerobic cell respira- 
tion in yeasts to produce ethanol and carbon 
dioxide in baking. (pg. 46) 

12. Skill: Analysis of results from experiments 
involving measurement of respiration rates 
in germinating seeds or invertebrates using 
a respirometer. (pg. 46) 

13. Skill: Drawing an absorption spectrum for 
chlorophyll and an action spectrum for pho- 
tosynthesis. (pg. 47) 

14. Skill: Design of experiments to investigate 
the effect of limiting factors on photosyn- 
thesis. (pg. 47) 

15. Application: Comparison of the number of 
genes in humans with other species. (pg. 49) 

16. Skill: Use of a database to determine differ- 
ences in the base sequence of a gene in two 
species. (pg. 49) 

17. Application: Use of karyograms to deduce 
sex and diagnose Down syndrome in hu- 
mans. (pg. 52) 

18. 8kill: Design of an experiment to assess 
one factor affecting the rooting of stem- 
cuttings. (pg. 58) A plant species should be 
chosen for rooting experiments that forms



19. 

20. 

21. 

22. 

23. 

24, 

25. 

roots readily in water or a solid medium. 
(pg. 58 Guidance) The design of a rooting 
experiment should ideally lead to the ex- 
periment actually being carried out by stu- 
dents. (pg. 57 Aim 6) 

Skill: Testing for association between two 
species using the chi-squared test with 
data obtained by quadrat sampling. (pg. 
60) To obtain data for the chi-squared test, 

an ecosystem should be chosen in which 
one or more factors affecting the distribu- 
tion of the chosen species varies. Sampling 
should be based on random numbers. In 
each quadrat the presence or absence of 
the chosen species should be recorded. (pg. 
60 Guidance) 

Application: Use of dialysis tubing to 
model absorption of digested food in the 
intestine. (pg. 72) 

Application: Florey and Chain’s experi- 
ments to test penicillin on bacterial infec- 
tions in mice. (pg. 76) 

HL-Skill: Analysis of results of the Hershey 
and Chase experiment providing evidence 
that DNA is the genetic material. (pg. 83) 
HL-Skill: Calculating and plotting rates of 
reaction from raw experimental results. 

(pe. 88) 
HL-Skill: Distinguishing different types of 
inhibition from graphs at specified sub- 
strate concentration. (pg. 88) 

HL-Application: Calvin’s experiment to 
elucidate the carboxylation of RuBP. (pg.



26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

91) 
HL-Application: Models of water transport 
in xylem using simple apparatus including 
blotting or filter paper, porous pots and 
capillary tubing. (pg. 92) 
HL-Skill: Design of an experiment to test 
hypotheses about the effect of tempera- 
ture or humidity on transpiration rates. 

(pg. 92) 
HL-Skill: Analysis of data from experi- 
ments measuring phloem transport rates 

using aphid stylets and radioactively-la- 
belled carbon dioxide. (pg. 93) 

HL-Application: — Micropropagation  of 
plants using tissue from the shoot apex, 
nutrient agar gels and growth hormones. 

(pe. 94) 
HL-Application: Methods used to induce 
short-day plants to flower out of season. 
(pg. 95) Flowering in so-called short-day 
plants such as chrysanthemums, is stim- 
ulated by long nights rather than short 
days. (pg. 95 Guidance) 
HL-Skill: Design of experiments to test hy- 
potheses about factors affecting germina- 
tion. (pg. 95) 

HL-Skill: Drawing labelled diagrams of the 
structure of a sarcomere. (pg. 102) Mea- 

surement of the length of sarcomeres will 
require calibration of the eyepiece scale of 
the microscope. (pg. 103 Guidance) 
B-Skill: Gram staining of Gram-positive 
and Gram-negative bacteria. (pg. 120)



34, B-Skill: Experiments showing zone of inhi- 
bition of bacterial growth by bactericides 
in sterile bacterial cultures. (pg. 120) 

35. B-Skill: Production of biogas in a small- 
scale fermenter. (pg. 120) 

36.B-HL-Skill: Explore chromosome 21 in 
databases (for example in Ensembl). (pg. 

126) 

37.B-HL-Skill: Use of software to align two 
proteins. (pg. 126) 

38.B-HL-Skill: Use of software to construct 
simple cladograms and phylograms of re- 
lated organisms using DNA sequences. (pg. 
126) 

Guidance 

1. Osmosis experiments are a useful opportu- 
nity to stress the need for accurate mass and 
volume measurements in scientific experi- 
ments. (pg. 33) 

2. Preparation of temporary mounts of root 
squashes is recommended but phases in mi- 
tosis can also be viewed using permanent 
slides. (pg. 35) 

3. Egg white or albumin solutions can be used 
in denaturation experiments. (pg. 41) 

4.Lactase can be immobilized in alginate 
beads and experiments can then be carried 
out in which the lactose in milk is hydrol- 

ysed. (pg. 42) 
5. There are many simple respirometers which 

could be used. Students are expected to



know that an alkali is used to absorb CO,, 

so reductions in volume are due to oxygen 
use. Temperature should be kept constant 
to avoid volume changes due to tempera- 
ture fluctuations. (pg. 46) 

6. Water free of dissolved carbon dioxide for 
photosynthesis experiments can be pro- 
duced by boiling and cooling water. (pg. 48) 

7. Paper chromatography can be used to sepa- 
rate photosynthetic pigments but thin layer 
chromatography gives better results. (pg. 
48) 

8. At least one plant and one bacterium should 
be included in the comparison and at least 
one species with more genes and one with 
fewer genes than a human. The Genbank® 
database can be used to search for DNA base 
sequences. The cytochrome C gene sequence 
is available for many different organisms 
and is of particular interest because of its 
use in reclassifying organisms into three do- 
mains. (pg. 50) 

9. Preparation of microscope slides showing 
meiosis is challenging and permanent slides 
should be available in case no cells in meiosis 
are visible in temporary mounts. (pg. 54) 

Aim 6 

1. Dialysis tubing experiments can act as a 
model of membrane action. (pg. 33) 

2. Experiments with potato, beetroot or sin- 
gle-celled algae can be used to investigate



10. 

11. 

12. 

real membranes. (pg. 33) 

. Pasteur’s experiment can be repeated using 
modern apparatus. (pg. 34) 

. Food tests such as the use of iodine to iden- 

tify starch or Benedict’s reagent to identify 
reducing sugars could be carried out. (pg. 
36) Author's Note: This can be done in con- 

junction with chemistry. See pg. 128 in the 
chemistry guide. 

. Probes can be used to determine the effect of 

different factors likely to influence the cool- 
ing with water. (pg. 38) 

. Staining root tip squashes and microscope 
examination of chromosomes is recom- 
mended but NOT obligatory. (pg. 51) 

. The design of a rooting experiment should 
ideally lead to the experiment actually being 
carried out by students. (pg. 57) 

. It would be best for students to obtain data 

for the chi-squared test themselves, to give 
first-hand experience of field work tech- 
niques. (pg. 59) 

. Aheart dissection is suggested as a means of 
studying heart structure. (pg. 74) 
HL: Students could design models to illus- 
trate the stages of DNA replication. (pg. 83) 
HL: Experiments on enzyme inhibition can 
be performed. (pg. 88) 
HL: Hill's method demonstrating electron 
transfer in chloroplasts by observing DCPIP 
reduction, immobilization of a culture of an 

alga such as Scenedesmus in alginate beads 
and measurement of the rate of photosyn-



thesis by monitoring their effect on hydro- 
gencarbonate indicator are all possible ex- 
periments. (pg. 91) 

13.HL: Measurement of stomatal apertures 
and the distribution of stomata using leaf 
casts, including replicate measurements 
to enhance reliability, are possible experi- 
ments. (pg. 92) 

14. HL: Investigations into tropisms could be 
carried out. (pg. 94) 

15. HL: Staining of lily anthers or other tissue 
containing germ-line cells and microscope 
examination to observe cells in meiosis are 
possible activities. (pg. 96) 

16. B-HL: Sequence alignment of related pro- 
teins such as hemoglobin and myoglobin 
could be investigated. (pg. 126) 

17. C: Factors influencing herbivory could be 
investigated. (pg. 127) 

18. D: Temporary mounts of hepatocytes can 
be prepared from fresh liver. (pg. 138) 

Aim 7 

1.ICT can be used for molecular visualization 
of carbohydrates, lipids and proteins. (pp. 
36, 39 (skill), & 40) 

2. The use of a database to compare DNA base 
sequences. (pg. 49) 

3.Use of databases to identify gene loci and 
protein products of genes. (pg. 51) 

4. Databases can be used to analyse concentra- 
tions of greenhouse gases. (pg. 65)



10. 

11. 

.HL: Computer simulations on enzyme ac- 
tion including metabolic inhibition are 
available. (pg. 88) 

.HL: The introduction of image processing 
software and digital microscopes increases 
further the ability to gather more data to 
ensure reliability. (pg. 92) 

.HL: Use of databases to analyse epidemio- 
logical data. (pg. 100) 

.HL: Use of grip strength data loggers to as- 
sess muscle fatigue. (pg. 102) 

.HL: Use of animations to visualize contrac- 

tion. (pg. 102) 

A-HL: Data logging using an electrocardio- 
gram (ECG) sensor to analyse neuromuscu- 

lar reflexes. (pg. 113) 

B: Use of bioinformatics to determine se- 
quences to be modified. (pg. 121) 

I believe the above list to be com- 

plete. If, however, you find that I have 
missed any required lab in the Biology Guide, 
please eMail the name of the lab and the 
page in the guide where you found it to 
RainbowdashPublishersLLC@umich.edu and I 
will update this list for everyone. Thank you. 

Return to brainstorming your research 

question.



Chemistry Required Labs 

Prescribed Practicals 

1. 

10. 

Obtaining and using experimental data for 
deriving empirical formulas from reactions 
involving mass changes. (pg. 34) 

. Use of the experimental method of titration 
to calculate the concentration of a solution 

by reference to a standard solution. (TSM) 

. Obtaining and using experimental values to 
calculate the molar mass of a gas from the 
ideal gas equation. (TSM) 

. A calorimetry experiment for an enthalpy of 
reaction should be covered and the results 

evaluated. (TSM) 

. Investigation of rates of reaction experi- 
mentally and evaluation of the results. (pg. 
55) 

. Candidates should have experience of acid- 
base titrations with different indicators. (pg. 
59) 

. Students should be familiar with the use of 

a pH meter and universal indicator. (pg. 60) 
. Performance of laboratory experiments in- 
volving a typical voltaic cell using two 
metal/metal-ion half-cells. (pg. 65) 

. Construction of 3-D models (real or virtual) 

of organic molecules. (pg. 68) 
HL: Perform lab experiments which could 
include single replacement reactions in 
aqueous solutions. (pg. 84) (NOTE: TSM does



not indicate this is limited to HL students.) 

Applications and Skills 

1. 

10. 

Calculation of the enthalpy changes from 
known bond enthalpy values and compar- 
ison of these to experimentally measured 
values. (pg. 53) 

. Deduction of the Brensted-Lowry acid and 
base in a chemical reaction. (pg. 58) 

. Deduction of the conjugate acid or conju- 
gate base in a chemical reaction. (pg. 58) 

.Most acids have observable characteristic 

chemical reactions with reactive metals, 

metal oxides, metal hydroxides, hydrogen 
carbonates and carbonates. (pg. 59) 

. Salt and water are produced in exothermic 
neutralization reactions. (pg. 59) 

. The Winkler Method can be used to measure 

biochemical oxygen demand (BOD), used as 

a measure of the degree of pollution in a 
water sample. (pg. 63) 

. Application of the Winkler Method to calcu- 
late BOD. (pg. 64) 

. Construction and annotation of both types 
of electrochemical cells. (pg. 65) 

. Identification of different classes: alkanes, 

alkenes, alkynes, halogenoalkanes, alcohols, 

ethers, aldehydes, ketones, esters, carboxylic 

acids, amines, amides, nitriles and arenes. 

(pg. 68) 
Identification of typical functional groups 
in molecules eg phenyl, hydroxyl, car-



11 

12. 

13, 

14, 

15. 

16. 

17. 

18. 

19. 

bonyl, carboxyl, carboxamide, aldehyde, 

ester, ether, amine, nitrile, alkyl, alkenyl 

and alkynyl. (pg. 68) 
.Mass spectrometry (MS), proton nuclear 

magnetic resonance spectroscopy (1H 
NMR) and infrared spectroscopy (IR) are 

techniques that can be used to help iden- 
tify compounds and to determine their 
structure. (pg. 75) 

HL: The oxidation states of vanadium and 
manganese, for example, could be investi- 
gated experimentally. (pg. 78) 
HL: Transition metals could be analyzed 
using redox titrations. (pg. 78) 
HL: Perform lab experiments which could 
include single replacement reactions in 
aqueous solutions. (pg. 84) 
HL: Deduction of the rate expression for an 
equation from experimental data and solv- 
ing problems involving the rate expres- 
sion. (pg. 86) 

HL: When aqueous solutions are electrol- 
ysed, water can be oxidized to oxygen at 
the anode and reduced to hydrogen at the 
cathode. (pg. 95) 

HL: Perform lab experiments that could in- 
clude single replacement reactions in aque- 
ous solutions. (pg. 96) 

B-HL: Amino acids and proteins can act as 
buffers in solution. (pg. 132) 

B-HL: Investigation of pigments through 
paper and thin layer chromatography. (pg. 
137)



Guidance 

. The operation of the mass spectrometer is 
not required. (pg. 38) 

. Consider reactions in aqueous solution and 
combustion reactions. (pg. 50) 

. Heat losses to the environment and the heat 

capacity of the calorimeter in experiments 
should be considered, but the use of a bomb 

calorimeter is not required. (pg. 51) 
.HL: Any experiment which allows students 
to vary concentrations to see the effect upon 

the rate and hence determine a rate equa- 
tion is appropriate. Consider concentration— 
time and rate-concentration graphs. (pg. 
87) 

Utilization 

N
 

. Refrigeration and how it is related to the 
changes of state. (pg. 32) Author's Note: 
Electric cooling blocks make tabletop "as 
you watch it" experiments possible. 

. Freeze-drying of foods. (pg. 32) 

. Ionic liquids are efficient solvents and elec- 
trolytes used in electric power sources and 
green industrial processes. (pg. 44) 

. Determining energy content of important 
substances in food and fuels. (pg. 50) 

. HL: Electroplating. (pg. 95) 

. HL: Rusting of metals. (pg. 95) 

.B-HL: The purplish-red colour of meat is



largely due to the presence of myoglobin. 
The change in colour to brown on cooking 
occurs as the iron ion becomes oxidized to 

Fe3*. (pg. 136) 

Aim 6 

1. Experiments could include percent mass of 
hydrates, burning of magnesium or calcu- 
lating Avogadro's number. (pg. 35) 

. Experimental design could include excess 
and limiting reactants. Experiments could 
include gravimetric determination by pre- 
cipitation of an insoluble salt. (pg. 37) 
.Emission spectra could be observed using 
discharge tubes of different gases and a 
spectroscope. Flame tests could be used to 
study spectra. (pg. 41) 

. Be able to recognize physical samples or im- 
ages of common elements. (pg. 42) 

. Experiment with chemical trends directly in 
the laboratory or through the use of teacher 
demonstrations. (pg. 43) 

. The use of transition metal ions as catalysts 
could be investigated. (pg. 43) 
.Students could investigate compounds 
based on their bond type and properties or 
obtain sodium chloride by solar evapora- 
tion. (pg. 44) 

. Experiments could include calculating en- 
thalpy changes from given experimental 
data (energy content of food, enthalpy of 
melting of ice or the enthalpy change of



10. 

11. 

12. 

13. 

14, 

15. 

16. 

17. 

18. 

simple reactions in aqueous solution). (pg. 
50) 

. Experiments could include Hess's Law labs. 

(pg. 52) 
Experiments could be enthalpy of combus- 
tion of propane or butane. (pg. 53) 
Investigate the rate of a reaction with and 
without a catalyst. (pg. 55) 
Experiments could include investigating 
rates by changing concentration of a reac- 
tant or temperature. (pg. 55) 
Le Chételier’s principle can be investigated 
qualitatively by looking at pressure, concen- 
tration and temperature changes on differ- 
ent equilibrium systems. (pg. 57) 
The evidence for [the] properties [of acids 

and bases] could be based on a student’s ex- 

perimental experiences. (pg. 59) 
An acid-base titration could be monitored 
with an indicator or a pH probe. (pg. 60) 
Students should have experimental expe- 
rience of working qualitatively with both 
strong and weak acids and bases. Examples 
to include: H,804 (aqg), HCI (aq), HNOj3 (aq), 

NaOH (aq), NH3 (ag). (pg. 61) 
The effects of acid rain on different con- 
struction materials could be quantitatively 
investigated. (pg. 62) Author's Note: The pH 
of local rain and snow packs can be mea- 
sured and discussed--perhaps in conjunc- 
tion with the environmental science class. 
Experiments could include demonstrating 
the activity series, redox titrations and



19. 

20. 

21. 

22. 

23. 

24, 

25. 

using the Winkler Method to measure 
BOD. (pg. 64) 
Construction of a typical voltaic cell using 
two metal/metal-ion half-cells. (pg. 65) 

Author's Note: This can be done in con- 
junction with physics. See pg. 58 in the 
physics guide. 
Electrolysis experiments could include 
that of a molten salt. A video could also 
be used to show some of these electrolytic 
processes. (pg. 65) 
Either use model kits or suitable com- 
puter-generated molecular graphics pro- 
grammes to construct three-dimensional 
models of a wide range of organic mole- 
cules. (pg. 68) 

Experiments could include distillation to 
separate liquids or the use of arotary evap- 
orator to remove a solvent from a mixture. 

(pe. 68) 
Experiments could include distinguishing 
between alkanes and alkenes, preparing 
soap and the use of gravity filtration, filtra- 
tion under vacuum (using a Buchner flask), 

purification including recrystallization, re- 
flux and distillation, melting point deter- 
mination and extraction. (pg. 70) 

The distinction and different roles of Class 
A and Class B glassware could be explored. 

(pe. 72) 
HL: The oxidation states of vanadium and 
manganese, for example, could be inves- 
tigated experimentally. Transition metals



26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

could be analysed using redox titrations. 

(pe. 78) 
HL: The colours of a range of complex ions, 
of elements such as Cr, Fe, Co, Ni and Cu 

could be investigated. (pg. 79) 
HL: A possible experiment is to calculate 
either the enthalpy of crystallization of 
water or the heat capacity of water when a 
cube of ice is added to hot water. (pg. 84) 

HL: Experiments investigating endother- 
mic and exothermic processes could be run 
numerous times to compare reliability of 
repetitive data and compare to theoretical 
values. (pg. 85) 

HL: Experiments could include those in- 
volving the collection of temperature read- 
ings to obtain sufficient data for a graph. 

(pe. 88) 
HL: The equilibrium constant for an esteri- 
fication reaction and other reactions could 
be experimentally investigated. (pg. 90) 
HL: Transition metal complexes could be 
experimentally explored. (pg. 91) 
HL: The properties of strong and weak 
acids could be investigated experimentally. 

(pe. 92) 
HL: Experiments could include investiga- 
tion of pH curves, determination of the 
pKa of a weak acid, preparation and inves- 
tigation of a buffer solution and the deter- 
mination of the pKa of an indicator. (pg. 
93) 

HL: Three-dimensional visualization of or-



35. 

36. 

37. 

38. 

39. 

40. 

ganic compounds using molecular models 
could be covered. (pg. 97) 

HL: A range of experiments of organic syn- 
thetic reactions exploring various types of 
reactions and functional group intercon- 
versions could be done. Core techniques 
of organic chemistry could include reflux, 
distillation, filtration, purification (includ- 

ing chromatographic techniques), separa- 
tions and extractions. (pg. 98) 

HL: Synthesis (or reaction) in the labora- 

tory of an example of a widely used drug 
or medicine (eg aspirin [see option D pg. 
159]) or a household product (eg fading of 
tomato ketchup—electrophilic addition re- 
action of bromine). (pg. 98) 

HL: Multiple stage organic synthetic route 
series of experiments (up to a maximum of 
four stages). (pg. 100) 

HL: Experiments could include the synthe- 
sis and characterization of an enantiomer 
(eg (-) menthol) or the resolution of a 

racemic mixture. (pg. 102) 

A: Experiments could include investigat- 
ing the stretching of rubber bands under 
different chemical environments, or prop- 
erties of metals, polymers, ceramics, or 

composites, making thin concrete slabs 
from various ratios of cement, gravel, 

and sand and investigating the breaking 
strength upon drying. (pg. 107) 
A: Experiments could include calculating 
the Faraday constant via electrolysis of



41. 

42. 

43. 

a4, 

45. 

46. 

47. 

aqueous copper sulfate, solving for the 
concentration of a nickel or copper solu- 
tion using Beer’s law and spectrophotom- 
etry. Analysis of alloy composition labs 
could also be conducted such as colorimet- 
ric determination of manganese in a paper 
clip or gravimetric analysis of silver or cop- 
per in a coin. (pg. 108) 
A: Experiments could include investigating 
the decomposition of potassium sodium 
tartrate with cobalt chloride and the de- 
composition of hydrogen peroxide with 
manganese (IV) oxide. (pg. 110) 

A: An ion exchange using zeolite could be 
explored. (pg. 110) 
A: Experiments could include investigating 
a thermotropic liquid crystal and the tem- 
perature range which affects these crys- 
tals. (pg. 111) 

A: Physical properties of high and low 
density polyethene could be investigated 
or synthesis of a polyester, polyamide or 
other polymer could be quantitatively per- 
formed to measure atom efficiency. (pg. 
112) 

A-HL: Synthesis of nylon could be per- 
formed. (pg. 120) 

A-HL: Experiments could include investi- 
gations of Kgp. (pg. 121) 

B: Experiments could involve hydrolysis of 
a protein, separation and identification of 
amino acid mixtures by paper chromatog- 
raphy, or gel electrophoresis of proteins



48. 

49. 

50. 

51. 

52. 

53. 

and DNA. (pg. 123) 
B: Experiments could include the calcula- 
tion of the iodine number of fats to mea- 
sure degree of unsaturation, calorimetric 
experiments on different fats and oils, or 
the separation of lipids from common food 
sources using different solvents and a sepa- 
rating funnel. (pg. 126) 
B: Experiments could include using Bene- 
dict’s or Fehling’s solution tests to distin- 
guish between reducing sugars and non- 
reducing sugars or using iodine solution to 
test for the presence of starch. (pg. 128) 
Author's Note: This can be done in con- 
junction with biology. See pg. 36 in the bi- 
ology guide. 
B: Experiments could include the DCPIP de- 
termination of vitamin C levels in foods. 

(pg. 129) 
B: Experiments could include the compari- 
son of the breakdown of biodegradable and 
non-biodegradable plastics in the environ- 
ment. (pg. 130) 

B-HL: Experiments could include measur- 
ing enzyme activity with changing condi- 
tions of temperature, pH and heavy metal 
ion concentration. (pg. 133) 

B-HL: Experiments could include DNA ex- 
traction from cells and investigation of 
its physical properties, and model building 
exercises of DNA structure, including the 
specific base pairings between a purine and 
a pyrimidine. (pg. 135)



54.B-HL: Experiments could include the ex- 
traction and isolation of pigments from 
plant sources using solvents and separat- 
ing funnel or the use of anthocyanins as 
pH indicators. (pg. 137) 

55.C: The energy density of different fuels 
could be investigated experimentally. (pg. 
141) 

56. C: Possible experiments include fractional 
distillation and catalytic cracking reac- 
tions. (pg. 142) 

57.C: Experiments could include those in- 
volving photosynthesis, fermentation and 
transesterification. (pg. 146) 

58.C: The equilibrium between aqueous and 
gaseous carbon dioxide could be experi- 
mentally investigated. (pg. 148) 

59. C-HL: The factors that affect the voltage of 
a cell and the lead-acid battery could be in- 
vestigated experimentally. (pg. 150) 

60. C-HL: Students could build an inexpensive 
dye-sensitized solar cell and investigate 
their photovoltaic properties. (pg. 154) 

61.D: The properties of DSSCs can be best in- 
vestigated using data loggers. (pg. 159) 

62. D: Experiments could include titrations to 
test the effectiveness of various antacids. 

(pg. 161) 

Aim 7 

1. Data loggers can be used to measure mass 
changes during reactions. (pg. 35)



10. 

11. 

12. 

13, 

. Dataloggers can be used to measure temper- 
ature, pressure and volume changes in reac- 
tions or to determine the value of the gas 
constant, R. (pg. 37) 

. Simulations of Rutherford’s gold foil exper- 
iment can be undertaken. (pg. 39) Author's 

Note: Local universities may permit stu- 
dents to use their linear accelerator to re- 
produce Rutherford's experiment. This is a 
good joint field trip with physics. 

. Periodic trends can be studied with the use 

of computer databases. (pg. 43) 
. Computer simulation could be used to ob- 
serve crystal lattice structures. (pg. 44) 
.Computer simulations could be used to 
model VSEPR structures. (pg. 46) 

.Computer simulations could be used to 
show intermolecular forces interactions. 

(pg. 48) 
.Computer simulations could be used to 
view examples of metallic bonding. (pg. 49) 

. Use of databases to analyse the energy con- 
tent of food. (pg. 50) 

Use of data loggers to record temperature 
changes. (pg. 50, 52, 53 & 84) 
Use simulations to show how molecular 
collisions are affected by change of macro- 
scopic properties such as temperature, pres- 
sure and concentration. (pg. 55) 

Animations and simulations can be used to 
illustrate the concept of dynamic equilib- 
rium. (pg. 57) 

Students could use data loggers to investi-



14, 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

gate the strength of acid and bases. (pg. 61) 
Graph-plotting software may be used, in- 
cluding the use of spreadsheets and the 
derivation of best-fit lines and gradients. 

(pe. 74) 
Spectral databases could be used here. (pg. 
76) 

HL: Databases could be used for compiling 
graphs of trends in ionization energies and 
simulations are available for the Davisson- 
Germer electron diffraction experiment. 

(pe. 77) 
HL: Complex ions could be investigated 
using a spectrometer data logger. (pg. 79) 
HL: Computer simulations can be used to 
model structures predicted by VSEPR the- 

ory. (pg. 82) 
HL: Computer simulations could be used 
to model hybrid orbitals. (pg. 83) 
HL: Use of databases to source accepted 
values. (pg. 84) 

HL: Use of databases to research hypothet- 
ical reactions capable of generating free en- 

ergy. (pg. 85) 
HL: Databases, data loggers and other ICT 
applications can be used to research pro- 
posed mechanisms for lab work performed 
and to carry out virtual experiments to 
investigate factors which influence rate 
equations. (pg. 86) 
HL: Use of simulations and virtual exper- 
iments to study effect of temperature and 
steric factors on rates of reaction. (pg. 88)



24, 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

HL: Graphing calculators can be employed 
to easily input and analyse data for E a and 
frequency factor values. (pg. 88) 
HL: The concept of a dynamic equilibrium 
can be illustrated with computer anima- 
tions. (pg. 90) 

HL: Animations can be used to distinguish 
between the different acid-base theories. 

(pg. 91) 
HL: Data logging, databases, spreadsheets 
and simulations can all be used. For exam- 
ple, the equivalence point could be deter- 
mined by using a conductivity probe or a 
temperature probe. (pg. 93) 
HL: Spectral databases can be used here. 

(pg. 105) 
A: Animations involving ICP could be used. 

(pg. 109) 
A: Simulations and virtual experiments 
could be used to investigate semiconduc- 
tors. (pg. 109) 

A: Virtual experiments and simulations in- 
volving nanoparticles as catalysts could be 
done here. (pg. 110) 

A: Computer animations could be used 
to investigate thermotropic liquid crystals. 

(pg. 111) 
A: Animations, simulations, and videos of 

nanotube manufacture and uses should be 
used. (pg. 115) 

A: Database of RIC codes and IR spectra can 
be used. (pg. 116) 

A-HL: Animations and simulations would



36. 

37. 

38. 

39. 

40. 

41. 

42. 

43, 

a4, 

45. 

46. 

be very useful to explain superconductiv- 
ity and X-ray crystallography. (pg. 118) 
B: Data logging experiments involving ab- 
sorption/concentration studies for protein 
content using the Biuret reagent. (pg. 123) 
B: Simulations can be used for gel elec- 
trophoresis. (p. 124) 

B-HL: Data-logging experiments with tem- 
perature or pH probes to investigate en- 
zyme activity under different conditions; 
or computer modelling of enzyme-sub- 
strate interactions. (pg. 133) 

B-HL: Databases exist of genetic sequences 
from different organisms. (pg. 135) 
B-HL: Use of data loggers for collecting ab- 
sorption data. (pg. 137) 
C: Databases of energy statistics on a global 
and national scale can be explored here. 

(pg. 141) 
C: Databases of energy statistics on a global 
and national scale can be explored here. 

(pg. 142) 
C: Many online calculators are available to 
calculate carbon footprints. (pg. 142) 
C: Computer animations and simulations 
of radioactive decay, and nuclear fusion 
and fission reactions. (pg. 144) 

C: Computer modelling is a powerful tool 
by which knowledge can be gained about 
the greenhouse effect. (pg. 149) 
C-HL: Computer animations and simula- 
tions of radioactive decay, and nuclear fu- 
sion and fission reactions. (pg. 153)



47.C-HL: The properties of DSSCs can be best 
investigated using data loggers. (pg. 154) 

48. D: Use computer animations for the inves- 
tigation of 3-D visualizations of drugs and 
receptor sites. (pg. 160) 

49.D-HL: Computer databases with spec- 
troscopy data could be used to confirm the 
identity of newly synthesized molecules. 

(pg. 166) 

I believe the above list to be com- 
plete. If, however, you find that I have 
missed any required lab in the Chemistry 
Guide, please eMail the name of the lab and 
the page in the guide where you found it 
to RainbowdashPublishersLLC@umich.edu and 
I will update this list for everyone. Thank you. 

Return to brainstorming your research 
question.



Physics Labs 

Prescribed Practicals 

1. Determining the acceleration of free-fall ex- 
perimentally. (pg. 34) 

2. Applying the calorimetric techniques of spe- 
cific heat capacity or specific latent heat ex- 
perimentally. (pg. 42) 

3. Investigating at least one gas law experi- 
mentally. (pg. 44) 

4. Investigating the speed of sound experi- 
mentally. (pg. 48) 

5.Determining refractive index experimen- 

tally. (pg. 50) 
6. Investigating one or more of the factors that 

affect resistance experimentally. (pg. 56) 
7. Determining internal resistance experimen- 

tally. (pg. 58) 
8. Investigating half-life experimentally (or by 

simulation). (pg. 63) 

9. HL: Investigating Young’s double-slit exper- 
imentally. (pg. 76) 

10. HL: Investigating a diode bridge rectifica- 
tion circuit experimentally. (pg. 86) 

Applications and Skills 

1. Determining instantaneous and average 
values for velocity, speed and acceleration. 

(pg. 34) 
2. Sketching and interpreting graphs of sim-



10. 

11. 

12. 

ple harmonic motion examples. (pg. 46) 
Graphs describing simple harmonic motion 
should include displacement-time, velocity- 
time, acceleration-time and acceleration- 

displacement. (pg. 47) 
. Investigating combinations of resistors in 
parallel and series circuits. (pg. 56) 

. Investigating practical electric cells (both 
primary and secondary). (pg. 58) 

. Describing the Rutherford-Geiger-Marsden 
experiment that led to the discovery of the 
nucleus. (pg. 66) 

.HL: Investigating combinations of capaci- 
tors in series or parallel circuits. (pg. 88) 

.HL: Discussing the photoelectric effect ex- 
periment and explaining which features of 
the experiment cannot be explained by the 
classical wave theory of light. (pg. 91) 

. HL: While not in the physics guide as an ex- 
periment, Rutherford's gold foil experiment 
is frequently doable at local universities and 
simulations of it are in the chemistry guide 
(pg. 39). It can make a good joint field trip. 

.HL: Discussing experimental evidence for 
matter waves, including an experiment in 
which the wave nature of electrons is evi- 
dent. (pg. 91) 

HL: Explaining the methods for measuring 
short and long half-lives. (pg. 92) 
C: Investigating the optical compound mi- 
croscope experimentally. (pg. 114) 
C: Investigating the performance of a sim- 
ple optical astronomical refracting telescope



experimentally. (pg. 115) 
13.D: Sketching and interpreting HR dia- 

grams. (pg. 122) 

Guidance 

1. Methods of polarization will be restricted to 
the use of polarizing filters and reflection 
from a non-metallic plane surface. (pg. 49) 

2. Students should have the opportunity to 
observe diffraction and interference pat- 
terns arising from more than one type of 
wave. (pg. 51) 

Utilization 

1. Pressure gauges, barometers and manome- 
ters are a good way to present aspects of this 
sub-topic. (pg. 42) 

2. Many systems can approximate simple har- 
monic motion: mass on a spring, fluid in 
U-tube, models of icebergs oscillating verti- 
cally in the ocean, and motion of a sphere 
rolling in a concave mirror. (pg. 47) 

3. Students studying music should be encour- 
aged to bring their own experiences of this 
art form to the physics classroom. (pg. 52) 

4. The chemistry of electric cells. (pg. 58) Au- 
thor's Note: This can be done in conjunction 
with chemistry. See pg. 65 in the chemistry 
guide. 

Aim 3



1. Students are able to both physically observe 
and qualitatively measure the locations of 
nodes and antinodes, following the inves- 
tigative techniques of early scientists and 
musicians. (pg. 53) 

Aim 6 

Experiments could include (but are not 

limited to)... 

1. determination of g, estimating speed using 
travel timetables, analyzing projectile mo- 
tion, and investigating motion through a 
fluid. (pg. 35) 

2. verification of Newton’s second law; investi- 

gating forces in equilibrium; determination 
of the effects of friction. (pg. 37) 

3. relationship of kinetic and gravitational po- 
tential energy for a falling mass; power and 
efficiency of mechanical objects; compari- 
son of different situations involving elastic 
potential energy. (pg. 39) 

4. analysis of collisions with respect to energy 
transfer; impulse investigations to deter- 
mine velocity, force, time, or mass; determi- 

nations of amount of transformed energy in 
inelastic collisions. (pg. 41) 

5.transfer of energy due to temperature 
difference; calorimetric investigations; en- 

ergy involved in phase changes. (pg. 43) 
6. verification of gas laws; calculation of the 

Avogadro constant; virtual investigation of



10. 

11. 

12. 

gas law parameters not possible within a 
school laboratory setting. (pg. 44) 

. mass on a spring; simple pendulum; motion 
on a curved air track, (pg. 47) with further 

extensions for HL students. (pg. 73) 

.speed of waves in different media; detec- 

tion of electromagnetic waves from various 
sources; use of echo methods (or similar) for 

determining wave speed, wavelength, dis- 
tance, or medium elasticity and/or density. 

(pg. 48) 
.observation of polarization under differ- 
ent conditions, including the use of mi- 
crowaves; superposition of waves; represen- 
tation of wave types using physical models 
(eg slinky demonstrations). (pg. 49) 

determination of refractive index and appli- 
cation of Snell’s law; determining conditions 

under which total internal reflection may 
occur; examination of diffraction patterns 

through apertures and around obstacles; in- 
vestigation of the double-slit experiment. 

(pg. 51) 
observation of standing wave patterns in 
physical objects (eg slinky springs); predic- 
tion of harmonic locations in an air tube in 
water; determining the frequency of tuning 
forks; observing or measuring vibrating vio- 
lin/guitar strings. (pg. 53) 
demonstrations showing the effect of an 
electric field (eg using semolina); simula- 

tions involving the placement of one or 
more point charges and determining the re-



13, 

14, 

15. 

16. 

17. 

18. 

sultant field. (pg. 55) 

use of a hot-wire ammeter as an his- 
torically important device; comparison of 
resistivity of a variety of conductors such 
as a wire at constant temperature, a fil- 
ament lamp, or a graphite pencil; deter- 
mination of thickness of a pencil mark 
on paper; investigation of ohmic and non- 
ohmic conductor characteristics; using a 

resistive wire wound and taped around the 
reservoir of a thermometer to relate wire 
resistance to current in the wire and tem- 
perature of wire. (pg. 57) 
investigation of simple electrolytic cells 
using various materials for the cathode, 
anode and electrolyte; software-based in- 

vestigations of electrical cell design; com- 
parison of the life expectancy of various 
batteries. (pg. 58) Author's Note: This can 

be done in conjunction with chemistry. See 
pg. 65 in the chemistry guide. 
mass on a string; observation and quantifi- 
cation of loop-the-loop experiences; fric- 
tion of a mass on a turntable. (pg. 60) 

the scattering angle of alpha particles as a 
function of the aiming error, or the mini- 
mum distance of approach as a function of 
the initial kinetic energy of the alpha parti- 
cle. (pg. 66) 
simulations of energy exchange in the 
Earth surface-atmosphere system. (pg. 71) 
HL: investigation of simple or torsional 
pendulums; measuring the vibrations of a



19. 

20. 

21. 

22. 

23. 

24, 

25. 

26. 

tuning fork. (pg. 73) 
HL: iterating force laws numerically. (de- 
tails on pg. 73) 
HL: use of diffraction gratings in spectro- 
scopes; analysis of thin soap films; sound 
wave and microwave interference pattern 
analysis. (pg. 76) 
HL: spectral data and images of receding 
galaxies are available from professional as- 
tronomical observatories for analysis. (pg. 
79) 

HL: construction and observation of the 
adjustments made in very large electricity 
distribution systems are best carried out 
using computer-modeling software and 
websites. (pg. 86) 

HL: investigating basic RC circuits; using 
a capacitor in a bridge circuit; examining 
other types of capacitors; verifying time 
constant. (pg. 88) 

HL: the photoelectric effect can be investi- 
gated using LEDs. (pg. 91) Author’s Note: a 
very good simulation of the photoelectric 
effect can also be found here. 

B-HL: observation of sand on a vibrating 
surface of varying frequencies; investiga- 
tion of the effect of increasing damping 
on an oscillating system, such as a tuning 
fork; observing the use of a driving fre- 
quency on forced oscillations. (pg. 111) 
C: magnification determination using an 
optical bench; investigating real and vir- 
tual images formed by lenses; observing



aberrations. (pg. 112) 

27.C & D: Local amateur or professional as- 
tronomical organizations can be useful for 
arranging demonstrations of the night sky. 
(pg. 115 & 120) 

28.D: software-based analysis is available for 
students to participate in astrophysics re- 
search. (pg. 122) 

Aim 7 

1. Technology has allowed for more accurate 
and precise measurements of motion, in- 
cluding video analysis of real-life projectiles 
and modelling/simulations of terminal ve- 
locity. (pg. 35) 

2. Technology has allowed for more accurate 
and precise measurements of force and mo- 
mentum, including video analysis of real- 
life collisions and modelling/simulations of 
molecular collisions. (pg. 41) 

3.1IT skills can be used to model the sim- 
ple harmonic motion defining equation; this 
gives valuable insight into the meaning of 
the equation itself. (pg. 47) 

4. Use of computer modelling enables students 
to observe wave motion in three dimensions 
as well as being able to more accurately 
adjust wave characteristics in superposition 
demonstrations. (pg. 49) 

5. Use of computer simulations would enable 
students to measure microscopic interac- 
tions that are typically very difficult in a



10. 

11. 

12. 

13. 

school laboratory situation. (pg. 55) 
.There are many software and online op- 
tions for constructing simple and complex 
circuits quickly to investigate the effect of 
using different components within a circuit. 

(pg. 57) 
. Computer-based simulations enable the vi- 
sualization of electromagnetic fields in 
three-dimensional space. (pg. 59) 

. Technology has allowed for more accurate 
and precise measurements of circular mo- 
tion, including data loggers for force mea- 
surements and video analysis of objects 
moving in circular motion. (pg. 60) 

.HL: The observation of simple harmonic 
motion and the variables affected can be 
easily followed in computer simulations. 

(pe. 73) 
HL: Computer simulations of the Doppler 
effect allow students to visualize complex 
and mostly unobservable situations. (pg. 
79) 

B: Technology has allowed for computer 
simulations that accurately model the com- 
plicated outcomes of actions on bodies. (pg. 
104) 

B-HL: The complexity of fluid dynamics 
makes it an ideal topic to be visualized 
through computer software. (pg. 109) 
B-HL: To investigate the use of resonance in 
electrical circuits, atoms/molecules, or with 

radio/television communications is best 
achieved through software modeling exam-



ples. (pg. 111) 

I believe the above list to be com- 
plete. If, however, you find that I have 
missed any required lab in the Physics Guide, 
please eMail the name of the lab and the 
page in the guide where you found it to 
RainbowdashPublishersLLC@umich.edu and I 
will update this list for everyone. Thank you. 

Return to brainstorming your research 
question.
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