MATERIALS
EXPLORERS

™

THE MATERIALS THAT MOVE US:
MEASUREMENT AND SCALE

From discussions of the weather to complex scientific applications, measurements
help define the world around us. Explore the importance of accurate measurements
through a simulation of hail damage on car hoods. Then, go even further by learning
what gives units of measurement any meaning at all.
In this module students will be able to:
•
•
•
•
•

Select the appropriate device for measuring impact impressions
Apply significant figures to measurements
Identify the limitations of measuring devices in relation to significant figures
Discuss the importance of measurements using a specific example from industrial
applications
Understand the importance of standardizing measurements and their units
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MEASURING UP

Background
Measurements are at the heart of our understanding of the world around us. The very act of describing
qualities such as temperature, length, time or mass requires some basic measurement as we are comparing
a physical quality to some known unit of reference. To illustrate this concept, try describing how tall you are
without referencing any unit of measurement or explaining the temperature outside without using degrees.
While you can probably get by with generalizations such as “a warm summer day” or comparisons such as
“slightly taller than the average girl my age,” these aren’t accurate enough for the types of measurements
taken in industries such as farming, engineering, construction, manufacturing, and commerce.
Measurements are composed of three parts:
•
•
•

A numerical value
A unit of measurement that denotes the scale
An estimate of the uncertainty of the measurement

The numerical value of a measurement should always be recorded with the proper number of significant
figures. The number of significant figures depends on the instrument or measuring device used and is equal
to the certain digits (obtained from the scale divisions marked on the instrument) plus one estimated digit.
The estimated digit represents the uncertainty in the measurement and provides an indication of the minor
scale markings on the instrument. For example, try measuring your pen using a standard ruler. If the ruler has
millimeter markings, the millimeters are your certain digits and your result might be close to 108mm. However
you can also add one further significant figure by estimating how far between two millimeter markings your
pen tip ends. In this way, your measurement might now be 108.2mm instead (your one estimated digit has
now been added).
Significant figures are important in measurement because they indicate how precise the measurement is or
the level of uncertainty in the measurement. Applying significant figure rules to measurements prevents the
measurement from appearing to be more accurate than the measuring device allows.
Accurate measurements are especially important when products are being developed or tested as they
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Indent

Ball bearing

Measurements are only as accurate as the device used since the
instrument determines how many significant figures you can obtain.
A standard ruler cannot be read beyond 2 or 3 significant figures,
but a micrometer might allow you to provide a more detailed
measurement.

The experiment you are conducting is similar to how scientists test
the extent to which car hoods can withstand hail damage. A large
ball bearing is dropped onto a sheet of metal and the indentation
is then measured and recorded. (Photo courtesy of Arconic.)

provide an objective, scientific method of comparing results. Scientists and engineers working in research
and development labs often design accelerated tests that help simulate the conditions a product must
operate in. For example, when scientists develop a sheet product for use on car hoods, they must test how
it will perform when hit by hail. Instead of waiting for a hailstorm to occur, scientists and engineers create
an experiment that simulates the effect of hail dropping on the sheet. The width and depth of the impacted
areas are measured and the results are reported to the number of significant figures appropriate for the
measurement device. The material is then given a pass/fail rating. This helps companies ensure that their
products will meet the high standards customers expect.

Problem:
An insurance company has been receiving several claims regarding hail damage to vehicles. The company
wants to cross-reference the damage recorded in these claims with the size of hailstones recorded in the
day’s weather reports. You have been asked to investigate these claims by determining the impact of different
sized hailstones on aluminum.

Task:
You and your partner are tasked with developing a procedure to simulate the impact of hail on car hoods
using the materials provided by your teacher. Your procedure must measure the size of the impact
impressions and must be approved by the teacher before you begin. After you conclude your experiment,
you must write a report for the insurance company detailing the extent of impact damage they can expect to
see for different sizes of hail stones.
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Requirements:
1. Collect data by measuring the impact different sizes of hail have on the piece of aluminum. The width of
the indent should be measured using a micrometer and the depth of the indent should be measured using
water and a graduated cylinder. Be sure to apply significant figures when measuring!
2. Write up a report for the insurance agency detailing your experiment procedure and results.

Questions
1. Identify the independent and dependent variables as well as any constants or controls in your
experiment.
2. How would the data differ in terms of accuracy if you did not apply significant figures to your
measurements?
3. Compose a report for the insurance agent including:
i.
Procedure
ii.
Data
iii.
Summary of results (i.e. trends in the data)
4. Identify at least one source of experimental error and explain how this error could be mitigated in
future experiments.
5. Ask a family member or friend who routinely uses measuring devices in their job to explain how
they record measurements. Summarize their explanation and conclude whether or not they apply
significant figures. If they do not apply significant figures, why not?

Definitions
Significant Figures

These apply to measured quantities and are equal to the number of digits known with certainty plus an
estimated digit.
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Standards:

NGSS:

HS-PS1-1

Notes:
1. Materials needed:
• Ball bearings
• Aluminum cookie sheets
• Disposable metallic pie pans or casserole dishes
• Sand box (or a larger disposable dish filled with sand or kitty litter)
• Aluminum foil
• Micrometers
• Graduated cylinders
• Water
2. Students should work with a partner or in small groups to complete this activity.
3. Students could test all three pieces of aluminum (i.e. cookie sheet, disposable casserole dish, and sheet
of foil) or each group could be assigned to one piece of aluminum and share their results with the class.
Note: These sheets should be laid on a sand box during the experiment).
4. If different size ball bearings are unavailable, students can experiment with dropping ball bearings from
various heights and measuring the impact velocity.
5. When designing their procedure, students should be encouraged to measure multiple ball bearing indents
(controlled to the same drop height and ball bearing size) on one sheet of aluminum. This procedure reinforces the importance of recording the average of many measurements versus one measurement.
6. Optional Modification: If students have a strong background in physics, they could be challenged to
design an experiment that utilizes Newton’s Laws of Motion. If Newton’s Laws of Motion are applied and
students consider the kinetic energy of the ball bearings, they can produce more accurate results.
7. Optional Modification: To further stress the importance of significant figures in measuring, students could
be challenged to record their data using various measuring devices such as a ruler, a paint stick which
they scale, or a meter stick.
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Grading Rubric for Report:

4

3

2

1

Clearly explains
why measurements
need to be precise
and provides two
examples.

Clearly explains
why measurements
need to be precise
and provides one
example.

Clearly explains
why measurements
need to be precise.
No example
provided.

Does not clearly
explain why
measurements
need to be precise.

Clearly explains
why measurements
need to be accurate
and provides two
examples.

Clearly explains
why measurements
need to be accurate
and provides one
example.

Clearly explains
why measurements
need to be
accurate. No
example provided.

Does not clearly
explain why
measurements
need to be
accurate.

Clearly explains
why measurements
need to be
reproducible and
provides two
examples.

Clearly explains
why measurements
need to be
reproducible and
provides one
example.

Clearly explains
why measurements
need to be
reproducible. No
example provided.

Does not clearly
explain why
measurements
need to be
reproducible.

Clearly explains
potential problems
when significant
figures are not used
Potential Problems
in measurement
and provides two
examples.

Clearly explains
potential problems
when significant
figures are not used
in measurement
and provides one
example.

Clearly explains
potential problems
when significant
figures are not used
in measurement. No
example provided.

Does not clearly
explain potential
problems when
significant figures
are not used in
measurement.

Contains few, if
any punctuation,
spelling or
grammatical errors.

Contains several
punctuation,
spelling or grammar
errors that do
not interfere with
meaning.

Contains many
punctuation,
spelling and/or
grammatical errors
that interfere with
meaning.

Contains many
punctuation,
spelling and/or
grammatical errors
that make the piece
illegible.

Precision

Accuracy

Reproducibility

Mechanics and
Grammar
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Answer Key:
1. Identify the independent and dependent variables as well as any constants or controls in your
experiment.
Answer:
i.
Independent Variable: Height or Size of Ball Bearing
ii.
Dependent Variables: Size (width and depth) of indent
iii.
Constants: Height (if changing size) or Ball bearing (if changing height)
iv.
Control: Could use piece of ice or golf ball
2. How would the data differ in terms of accuracy if you did not apply significant figures to your
measurements?
Answer: The data would be less accurate because the measurements would be reported to fewer 		
places. If too many significant figures were reported, there would be a false indication of the accuracy 		
of the measurement.
3. Compose a report for the insurance agent including:
i.
Procedure
ii.
Data
iii.
Summary of results (i.e. trends in the data)
Answer: Student answers will vary.
4. Identify at least one source of experimental error and explain how this error could be mitigated in
future experiments.
Answer: Answers will vary but may include:
- overlapping indentations (use a bigger piece of aluminum)
-limitation of measuring device (use measuring device with a smaller scale)
-aluminum foil ripped or dents were difficult to identify (layer several pieces of aluminum foil together)
5. Ask a family member or friend who routinely uses measuring devices in their job to explain how
they record measurements. Summarize their explanation and conclude whether or not they apply
significant figures. If they do not apply significant figures, why not?
Answer: Answers will vary. If students struggle identifying someone who uses measurement suggest 		
they ask someone in construction, nurses, designers, seamstress, a furniture store employee, etc.
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The Kilogram Controversy
Here’s something to think about: when you place an item on a scale or use a stopwatch to record a race,
you’re making an assumption that those devices are going to give you an accurate reading. For example,
you expect that the scale will give you a numerical value, in a specified unit such as a kilogram. It’s also likely
that the manual for the scale references the degree of uncertainty caused by the limitations of the equipment.
However at an even deeper level, you’re assuming that the unit means something: that a kilogram is a
universal standard. And it is—sort of.

The International prototype kilogram was once the primary standard kilogram for the entire scientific community but was replaced in 2019 with a
new definition based on constants occurring in nature. (Photo courtesy of The National Institute of Standards.)

What’s in a Kilogram?
A kilogram is one of the seven basic units of measurement within the International System of Units, or SI.
You’re probably already familiar with this system from your science classes because it is the international
standard for science, but have you ever wondered how we determine exactly what counts as one kilogram?
For 130 years, the value of a kilogram was based on a real object called the “international prototype
kilogram” (IPK). The IPK is a closely guarded platinum-iridium alloy cylinder housed in a vault at the
International Bureau of Weights and Measures near Paris, France. For something to count as a true kilogram,
it had to exactly match the mass of the IPK. Therein lay the problem.
The kilogram was the only basic SI unit still defined by a physical artifact rather than a natural phenomenon.
The meter, for example, is determined based on the speed that light travels in a vacuum over a specific
period of time. By definition, this natural phenomenon is unchanging and can be measured anywhere (with
the right tools). As durable as the IPK is, it could be damaged over time or even destroyed—not to mention
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that you have to get into a vault controlled by three independent keys in order to weigh it. That’s why, in 2018,
representatives from 60 countries came together to vote on a new definition for the kilogram. As of 2019, the
kilogram will now be measured based on three fundamental constants (the Planck constant, the speed of
light, and the cesium atom’s natural microwave radiation) instead of a physical artifact.

Laboratory Standards
Regardless of how the kilogram is defined, it’s important to understand why standardizing measurements
are so critical to the everyday applications of science and engineering. Just like you, scientists are operating
under the assumption that a measurement in their laboratory is exactly the same as a measurement their
colleague makes somewhere else. They need to be able to trust that their equipment is giving them accurate
results.
That’s where Certified Reference Materials, or CRMs, come in. CRMs are samples that act as a standard to
test against. To return to our earlier example of a scale: imagine measuring 100 objects of unknown weight.
What would happen if you then added a one kilogram weight to the scale but received a readout of 1.5kg?
You would be left questioning the accuracy of all 100 measurements you took before! Now imagine if the
same problem was applied to a company testing the chemical makeup of an alloy being used on a bridge, a
medical laboratory testing blood samples, or a food company testing the level of arsenic present. Suddenly
accurate measurements seem much more important.
Many laboratory or industry-grade measuring devices need to either be checked periodically for accuracy,
or calibrated against a sample of known value. CRMs act as that known standard that allows scientists
and engineers to calibrate their equipment or to double-check that the measurements being taken are still
accurate.
CRMs help ensure precise measurement and testing in everything from DNA, to greenhouse gas emissions,
to the nutritional value of supposed “superfoods.” Think about that the next time you read the nutritional label
of a food package.
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Questions
1. The International System of Units has seven base units. Identify all seven and indicate what each is
used to measure.
2. The International Prototype Kilogram needed to last a long time. Research the IPK to determine why
it was made of a platinum iridium alloy.
3. The IPK has recently gained tens of micrograms of mass from surface contamination. Although
tens of micrograms may seem insignificant, how could adding this mass to the standard unit of
mass impact the accuracy of measurements?
4. List and describe the 5 types of reference materials.

Definitions
Calibrate
Correlate an instrument’s readings with a standard to determine accuracy of the instrument.

Certified Reference Materials (CRM)
Control or standard used to validate analytical measurements.

International prototype kilogram (IPK)
An artifact that defines the current SI unit of mass.

International System of Units (SI)
A system of measurement based on seven base units: meter, kilogram, second, ampere, Kelvin, mole,
and candela.
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1. The International System of Units has seven base units. Identify all seven and indicate what
each is used to measure.
Answer: meter (length), kilogram (mass), second (time), ampere (electric current), Kelvin 		
(temperature), mole (quantity), and candela (brightness).
2. The International Prototype Kilogram needed to last a long time, research the IPK to determine why it was made of a platinum iridium alloy.
Answer: The IPK was made of a platinum iridium alloy because iridium increased the 			
hardness while retaining platinum’s characteristics such as extreme resistance to oxidation,
high density, satisfactory electrical and thermal conductivities, and low magnetic 			
susceptibility.
3. The IPK has recently gained tens of micrograms of mass from surface contamination.
Although tens of micrograms may seem insignificant, how could adding this mass to the
standard unit of mass impact the accuracy of measurements?
Answer: The tens of micrograms added to the IPK causes a slightly different definition of the 		
kilogram which could cause inaccuracies in experiments that require very precise weight 		
measurements or international trade in highly restricted items that are restricted by weight, 		
such as radioactive materials.
4. List and describe the 5 types of reference materials.
Answer:
i. Pure substances: Characterized for chemical purity or trace impurities
ii. Standard solutions and gas mixtures: Prepared gravimetrically from pure substances
iii. Matrix reference materials: Characterized for the composition of specified major, minor, 		
or trace chemical constituents
iv. Physico-Chemical reference materials: Characterized for properties such as melting 		
point or viscosity
v. Reference objects or artifacts: Characterized for functional properties such as taste, 		
odor, and hardness
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