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MEASURING THE WORLD:

How Scientists
and Engineers
Turn Observation
into Innovation

Whether you're baking cookies, checking the
weather, estimating how long it will take to
walk to a friend's house, or checking your
temperature to see if you are getting sick,
you rely on measurement to make sense

of the world.

In this eBook, you'll discover how scientists and
engineers use instruments to collect reliable
data, how shared measurement standards
help people around the world communicate
and work together, and why accuracy and
measurement quality are essential in science
and engineering.

As you explore look for the icon prompts:

WATCH REFLECT EXPLORE

Each one will challenge you to think more
deeply, try hands-on activities, and discover
how measurement helps us understand and
improve the world around us.
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Real-World Applications of
Measurement and Instrumentation

Measurement is happening all around you. Every day, instruments quietly monitor the world, keep people safe,

and help technology work the way you expect.

WEATHER STATIONS

Weather stations use instruments such as

thermometers, rain gauges, and wind sensors to
measure what's happening in the atmosphere. These
measurements help predict storms, heat waves, and
school-day weather.

ENVIRONMENTAL SENSORS

Air-quality sensors measure pollution levels, and
water-quality sensors measure factors such as pH
and cleanliness. These measurements help protect
communities, wildlife, and the environment.
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Tools such as heart-rate monitors, blood-pressure
cuffs, and ultrasound machines measure what's going
on inside the body. These instruments help doctors
track health and diagnose problems safely.

Robots rely on sensors that measure distance,
pressure, light, and motion. These measurements
help robots navigate, pick up objects, and interact
safely with people.

SMART HOMES

Devices such as thermostats, humidity sensors, and
motion detectors measure conditions inside a home.
These measurements help control temperature, save
energy, and automate everyday tasks.

\ N
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SPACE AND EARTH SCIENCE INSTRUMENTS

Satellites and spacecraft carry instruments that
measure radiation, magnetic fields, atmospheric
gases, and surface features. These measurements
help scientists study Earth's climate and explore other
planets.

AUTOMOTIVE SENSORS

Cars use sensors to measure speed, tire pressure,
engine temperature, and distance from other
vehicles. These measurements keep drivers safe and
help the car run smoothly.

<IEEE



How Scientists
and Engineers
Measure the
World to Keep
Us Safe
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Scientists and engineers use tools to measure what's happening
everywhere—in our bodies, in buildings, and in nature, so people
can stay healthy and safe. They check things like temperature,
heart rate, and breathing to help doctors know how our bodies
are doing. They measure how strong bridges and buildings are to
make sure they won't break. And they use sensors to watch the
ground, water, and air for changes like shaking earth, rising rivers,
smoky air, or dry forests.

When any of these measurements show something unusual, they
turn into warnings that help communities get ready, make smart
choices, and stay protected. It's like the world has lots of “check-up
tools,” and they speak up when something needs attention.

MEASURING EARTHQUAKES:
How we know the ground is moving

Earthquakes happen when pieces of Earth’s crust suddenly slip or
crack, sending energy waves through the ground. Engineers and
scientists use seismometers to detect tiny ground movements and
turn them into electrical signals. When these signals are graphed,
they form a seismogram—a wavy line that shows how the ground
moved and helps professionals determine where an earthquake
began and how strong it was.

Earthquake monitoring isn't limited to labs. Many smartphones,
smartwatches, and tablets contain accelerometers—tiny motion
sensors that help your screen rotate when you turn your device.
These sensors can also detect shaking, and some research projects
use networks of everyday devices to help identify earthquakes in
real time.

WATCH How is the Magnitude of the Earthquake
Determined? by NBC Los Angeles to see real seismograms
in action and learn how earthquakes are tracked.

MEASURING FLOODWATERS:
How we track rising waters

Floods can happen quickly, so scientists and engineers use tools
that constantly watch water levels. Stream gauges measure how
high a river is and how fast it's flowing. Some gauges use pressure
sensors underwater, while others use radar mounted above the
river to measure the distance to the water's surface.

When water rises too fast, the system sends alerts to emergency
managers and weather agencies. These measurements help
communities prepare sandbags, close roads, and evacuate before
flooding becomes dangerous.

TRY Make a flood barrier system by the Institution of

Engineering and Technology (IET) to design and build a
circuit that detects overflow and raises a temporary barrier.

MEASURING AIR QUALITY:
How we know the air is safe to breathe

Air can look clear but still contain harmful particles and gaseous
pollutants from vehicle traffic, factories, or wildfires. Scientists and
engineers use air-quality sensors to measure pollutants such as
ozone, smoke particles, and nitrogen and sulfur oxides. These
sensors pull in air, shine light through it, or use chemical reactions
to detect what's inside.

When pollution levels rise, apps and weather services send Air
Quality Index (AQI) alerts so people with asthma, young children,
and older adults can stay safe.

MEASURING FIRE DANGER:
How scientists monitor forests

A wildfire is an uncontrolled fire that burns in forests, rangelands,
or grasslands. These extreme events spread faster when conditions
are dry, hot, and windy. To track these conditions, prevention
specialists use the Fire Weather Index (FWI)—a number that shows
how easily a wildfire could start and how quickly it might spread.

The FWI is based on simple weather measurements such as
temperature, humidity, rainfall, and wind speed. Fire agencies use
this index to decide when to issue warnings, close trails, or prepare
firefighting crews.

WATCH The science behind the Fire Weather Index by BC
Wildfire Service to learn how prevention specialists monitor
and measure environmental elements for wildfire response.

REFLECT Engineers use measurement to design safer,

@ smarter, and more sustainable systems. What is one real-
world challenge you think better measurement tools could help
solve?



https://www.nbclosangeles.com/video/news/national-international/earthquake-magnitude-scales-earthquake-intensity/3883126/
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The Science of
Measurement

What is measurement?

Measurement is the process of finding the value of
a quantity. It often involves comparing the quantity
with a reference. It answers essential questions—
How big is it? How hot is it? How fast is it moving?
How long does it take?—and without it, we cannot
accurately describe or understand the universe.

> WATCH Sl Units of Measurement by

MooMooMath and Science to learn more
about the importance of the International System
of Units (SI units).

International System of Units (5I) Base Units

Name Name Symbol
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The power of standard units

Imagine trying to buy new sneakers and telling
the clerk your feet are “three candy bars long.”
What kind of candy bar? A tiny fun-size bar or a
giant movie-theater one? Without a shared unit
that everyone understands, even simple tasks can
become confusing.

To solve this, scientists agreed on standard
units—fixed quantities used to measure physical
properties such as time, length, mass, temperature,
and volume. Over centuries, this shared language
became essential for scientists and engineers to
collect accurate data and compare results.

Today, most of the world relies on one
unified system:

The International System of Units (SI), often called
the metric system, is a global standard built on
decimals and powers of ten. It is organized around
seven base units that form the foundation of all
scientific measurement:

= second (s) for time

» meter (m) for length

» kilogram (kg) for mass

= ampere (A) for electric current
= Kelvin (K) for temperature

» mole (mol) for the amount of substance - one
mole contains exactly 6.022 140 76 x 10 23
elementary entities (like atoms or molecules)

» candela (cd) for luminous intensity (brightness)

The United States Customary System (USC), used
primarily in the United States, evolved from the
British Imperial System. It measures the same
physical properties as the S|, but with different unit
names and different-sized units. It uses units such
as the following:

= inches (in) or feet (ft) for length

= ounces (0z) or pounds (Ib) for weight;
slug for mass

» Fahrenheit (°F) for temperature

For the remaining properties—time, electric current,
amount of substance, and luminous intensity—the
USC system does not have separate units.

Even though the units differ, both systems measure
the same quantities, and conversion factors allow
anyone to translate between them.

Although the United States commonly uses the United
States Customary System, its units have been defined
in terms of Sl units since 1959. As a result, the two
systems are closely linked, even though units such as
the inch, foot, yard, mile, pound, gallon, and degree
Fahrenheit are still widely used in everyday life.

Because these systems rely on fixed standards, a
scientist in New York, an engineer in Tokyo, and
a student in your classroom can all measure the
same object and arrive at the same results.

Measurement Conversions

From S| — USC

1 centimeter (cm) x 0.39 = inches (im)
1 meter (m) x 3.28 = feet (it}
1 gram (g) x 0.04 = ounce (0z)

1 kilogram (kg) = 2.20 = pounds (lb)

From USC — Sl

1inch (in) x 2.54 = centimeters (cm)
1 foot (ft) = 0.3043 = metes {m)
1 ounce {0z) x 258.35 = grams (Q)

1 pound (Ib) x 0.454 = Kilograms (kg)

L= [aa 0 = (Celsius (°C) = 1.8) + 32 = Fahrenheit (*F) (Fahrenheit (°F) - 32) = 1.8 = Celsius (*C)

TRY Can you convert
these measurements?

1. A mechanical engineer in
Japan measures a gear to be 5

in (inches) long. If they need to
record this in centimeters, what is
its length? 12.7 cm

2. A textbook has a mass of 2 kg
(kilograms). How many pounds
does it weigh? 4.4 b

3. Water freezes at 0°C. At what
temperature does water freeze in
Fahrenheit? 32°F

Measuring like an ancient egyptian

Over 5,000 years ago, early Babylonian and Egyptian
measurement systems were based entirely on the human body.
Their primary unit was the cubit, which was the length from a
person’s elbow to the tip of their middle finger (about 45.7 cm
or 17.51in).

Because human arms vary in size, people constantly argue over
measurements. To solve this, the Egyptians created the Royal
Cubit based on the ruling Pharaoh’s forearm (roughly 52.3 cm
or 20.6 in). They carved this exact length into stone or wooden
rods, creating a master ruler that everyone could follow.

TRY Measure a few objects around the

-~ room using your own cubit (from elbow to

finger). Compare your results with a classmate.

REFLECT Why is it important for modern
@ society to use fixed, standard units for
measurement? What might happen if people
used different units or measured things in
different ways?

Why Measurement Matters

Learning to use basic measurement tools such as rulers,
thermometers, and scales helps you gather vital information
about the world. When you take measurements, record what you
find, and compare your data to identify patterns, you're acting
just like real engineers and scientists. This information allows
engineers to make informed decisions, anticipate problems, and
design real-world solutions.

TRY Engineering’ < IEEE


https://www.youtube.com/watch?v=OKC_g3obGTo

Tools That Measure the Physical World

To understand the world around us, scientists

and engineers rely on instruments used to measure measuring Iength
a wide range of quantities, including temperature, . .

mass, Volume’ Iength, brightnessl and sound. Length is the measurement of distance from one
These instruments help us observe the world more  €nd of an object to the other. Engineers measure
accurately, compare results with others, and detect ~ length constantly when designing buildings,

things our senses would completely miss. machines, and electronics. Even tiny errors can
cause parts not to fit together or systems to fail.

Rulers, calipers, and micrometers —

| S —
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Thermometers—measuring temperature

still use them in laboratories where a reliable,
battery-free temperature reading is important.

A thermometer measures temperature. It tells

us how hot or cold something is. Scientists and
engineers use thermometers everywhere, from
monitoring the weather to preventing computer
chips from overheating to designing spacecraft that
can survive extreme temperatures.

A caliper measures the distance A micrometer measures
between two sides of an object extremely small distances—
with much more accuracy than thinner than a human harr.

as inches. You may use rulers a ruler. Engineers use calipers It is used when accuracy is

to measure the length of your when designing parts that must fit ~ critical, such as in electronics or
notebook or the height of a plant  together perfectly. mechanical engineering.

for a science project.

A ruler measures everyday
objects in millimeters,

centimeters, or meters, as well = When fast readings or digital data are needed,

engineers often use digital thermometers.

These devices rely on tiny electronic sensors

that detect temperature changes and instantly
Most thermometers display temperature in degrees display the result on a screen. You might use a
Celsius (°C) or degrees Fahrenheit (°F). Scientists digital thermometer when checking for a fever
also use the kelvin (K), which is the Sl base unit for or reading the temperature inside a refrigerator,
DEBATE temperature. while engineers use them to monitor heat inside

Can everything be measured? machines, test electronics, or control medical

. , . equipment where accuracy matters.
More than a century ago, a famous physicist and engineer named William Thomson, also known
as Lord Kelvin, explained why measurement is central to engineering:

Engineers choose different thermometers

depending on what they need to measure.
» When touching an object isn't safe or possible,

— e 2 engineers use infrared thermometers. These

10

“When you can measure what you are speaking about, and express it in numbers, you know : ) — tools measure temperature from a distance by
something abouzf it: but when you cannot measure i, Whe”l’) you cannot express it in numbers, . . e detecting infrared radiation. You may recognize
your knowledge is of a meagre and unsatisfactory kind...” - William Thomson, Lord Kelvin “ them from quick forehead temperature checks
Lord Kelvin believed that if you can't assign a number to something, your understanding of it is f but engineers rely on them to inspect hot engine

incomplete.
Break into two teams and debate his famous statement:

» Team Hard Data: Defend Lord Kelvin! Argue = Team Human Experience: Challenge Lord

why exact numbers are essential for human
progress. (Think about what would happen
if aerospace engineers tried to build a Mars
rover using “guesstimate” measurements).

Kelvin! Argue that some of the most important
concepts in the universe cannot—and should
not—be turned into numbers. (Consider
abstract ideas like happiness, love, artistic
beauty, or courage).

REFLECT How can modern engineers learn to balance hard, cold data with creative, human-
centered thinking?

Image Source: Image from Creative Commons. Credit: "<div class="fn'> Lord Kelvin (Sir William Thomson) (1824 - 1907)</div>"is licensed under CC

BY 4.0. To view a copy of this license, visit https.//creativecommons.org/licenses/by/4.0/?ref=openverse.
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» A liquid-in-glass thermometer uses a colored
liquid that expands when heated and contracts
when cooled. As the liquid moves up or down the
narrow tube, it shows the temperature on a scale.
You might use this thermometer in a classroom
experiment. Although these thermometers are
no longer commonly used for oral temperature
measurements due to safety concerns, engineers

parts, check electrical panels, measure the
temperature of moving objects, or detect heat
loss in buildings during energy audits. Infrared
technology can even help scientists estimate

the temperatures of distant stars without ever
touching them! It is also used in search-and-rescue
missions, where thermal cameras can detect a
person's body heat in darkness, smoke, or difficult
terrain, helping rescuers find

people faster.

REFLECT When have you used a
@ thermometer? What kind of thermometer
was it, and why did you need it?

<IEEE
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Thermoscope

The thermoscope was the early ancestor of today's
thermometer, helping people detect changes in
temperature long before modern thermometers
could measure exact degrees. While it could show if it
was getting warmer or cooler, it could not tell you the
exact temperature.

Galileo Galilei (1564—1642) was an ltalian scientist,
mathematician, and inventor who loved exploring
how the world works. He is often credited with
creating one of the first thermoscopes, an early
device that could show whether the temperature

was getting warmer or cooler, although it could

not measure exact temperatures like modern
thermometers do. Galileo also made important
discoveries about motion, planets, and stars, earning
him the nickname “the Father of Modern Science.”

The thermoscope worked by using air and water

to show changes in temperature. When Galileo
warmed the glass bulb with his hands, the air inside
expanded and pushed some of the air out. When
the bulb cooled down, the air inside shrank, creating
space that pulled water up into the tube. If the air
got warmer, the water level went down. If the air
got cooler, the water level went up. This helped
people tell whether the temperature was changing,
even though the thermoscope could not measure
exact degrees like @ modern thermometer. Adding
a numbered scale later helped tumn it into the
thermometer we use today.

Built to last: the
liquid-in-glass thermometer

Today, we rely on modern digital sensors
and tiny semiconductor chips to track

heat. These tools convert temperature into
electrical signals using printed circuit boards
and microelectronics. You can find them in
everything from your kitchen microwave to
hospital emergency rooms.

But traditional liquid-in-glass thermometers
haven't disappeared! They remain essential
tools in classrooms, health services, and
scientific industries because they are simple,
reliable, and don't need batteries. Their
design has stayed almost the same for more
than a century.

> WATCH Step inside a thermometer
manufacturing facility in England to

see how traditional glass thermometers are

produced in How Thermometers Are Made

by Archive UK tv.

Balances and scales —
measuring mass and weight

Balances and scales help measure two related but distinct
concepts: mass and weight. Accurate mass measurements are
critical for engineers, whether they are calculating how much load
a suspension bridge can safely support or mixing precise chemical
ratios to manufacture new medicines.

A balance compares an object with an unknown mass to objects
with known masses (like standard metal weights). Mass is the
total amount of matter contained inside an object. It is measured
in grams (g) or kilograms (kg), and it stays the same no matter
where you go in the universe.

A digital scale uses sensors to detect the force exerted by gravity

on an object and then converts that force into a mass value based

on Earth's gravitational acceleration. You may have used this scale
to check your weight or to measure ingredients in the kitchen.

Before digital scales became common, many people used an
analog spring scale. A spring scale measures weight by how much
a spring stretches when an object is placed on it. The more the
spring stretches, the heavier the object is. You might see spring
scales in old kitchens, hanging luggage scales, or fishing scales.

An exploration of
mass vs. weight

Because weight depends entirely
on the strength of a gravitational
field, your weight changes
depending on where you are
standing. Something can feel
incredibly heavy on Earth but

be completely weightless—even
though its mass hasn't changed
at all.

TRY Discover how mass
and weight behave

in different gravitational
environments using NASAs
Mass vs. Weight: Stretching Mass
activity. After completing the
activity, watch astronauts perform
the same experiment aboard the
International Space Station and
compare it to what happens

on Earth.

REFLECT How can an
& object have mass but, at
the same time, have zero weight?
What unique challenges does this
create for aerospace engineers
designing tools, robots, or
spacesuits?

Powered by IEEE K@\%
TRYEngineering

12



https://www.youtube.com/watch?v=r30YRUYjViE
https://youtu.be/r30YRUYjViE?si=RK8tC0_oOYrKIQqO
https://www.nasa.gov/wp-content/uploads/2011/10/591749main_MVW_Stretching_Mass.pdf?emrc=3d5d28
https://www.pbslearningmedia.org/resource/npe11.sci.phys.maf.stretchmass/mass-vs-weight-stretching-mass/
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Graduated cylinders —
measuring volume

Volume is the amount of three-dimensional space
a substance occupies. The graduated cylinder is
the standard tool for measuring liquid volume in
milliliters (mL) or liters (L). To ensure accuracy,
engineers must account for the meniscus—the
curved surface formed by the liquid due to surface
tension. A precise reading requires aligning the eye
level with the bottom of the meniscus.

Engineers use volume measurements when
designing water systems, testing materials, or
studying chemical reactions.

TRY Put your instrumentation skills to the

test! Practice using a graduated cylinder in
this virtual lab by the Physics Aviary.

Sensors: interpreting the
world around us

While human senses are remarkable, they are also
limited. We can feel a vibration but not its exact
frequency, and we can see light but not the invisible
fields and radiation that surround us. Sensors serve
as essential translators, turning environmental
signals—such as vibrations, magnetic fields, and
radiation—into precise, objective data. By interpreting
these signals, scientists and engineers can analyze
and monitor the world with a level of detail that

our senses alone could never achieve, leading to
smarter designs and safer innovations.
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SOUND WAVES

Sound waves are vibrations traveling through air,
water, or solids. When something vibrates—like a
speaker or a guitar string—it pushes nearby particles
back and forth. Microphones measure these
vibrations by using a thin membrane that moves
when sound waves hit it. The movement is turned
into electrical signals, which show how loud or high-
pitched the sound is.

TRY Use the Sound Waves simulation by
PhET Interactive Simulations to see, hear, and
interact with sound waves.

SOUND METERS

Sound meters measure sound level. Engineers use
measurements of sound pressure level (SPL) and
decibels (dB) to evaluate noise. A sound meter uses
a tiny microphone that vibrates when sound waves
hit it; those vibrations produce electrical signals

that the meter analyzes to calculate loudness in
decibels. Engineers use sound meters to study noise
pollution, design quieter machines, and protect
people’s hearing.

MAGNETIC FIELDS

Magnetic fields are regions around magnets or
electric currents where magnetic forces act. Even
though the field is invisible, it affects certain
materials. Iron filings line up along magnetic field
lines, and a compass needle turns because the field
pushes on it. Magnetometers measure magnetic
fields by detecting how the field changes the motion
of tiny electric charges inside the sensor.

ELECTRIC FIELDS

Electric fields are created by electric charges and
describe the force a charge would feel in a certain
place. They indicate how a charged object would be
pushed or pulled at different locations. Electric fields
can't be seen, but they can make charges move.
Sensors measure electric fields by detecting how
much a charge is pushed or pulled. Electrometers
use this movement to calculate the strength of the
field in the atmosphere, in circuits, or around

storm clouds.

S

DIGITAL LIGHT METER

RADIATION

Radiation is energy that travels as waves or particles.
Some radiation, like visible light, can be seen, but
other types—such as ultraviolet (UV) radiation—
cannot. Radiation detectors measure invisible
radiation by recording how much energy hits the
sensor. For example, UV-sensitive beads change
color when UV radiation reaches them, and Geiger
counters produce clicks when particles strike

their detector.

While we often rely on sensors to reveal these
invisible phenomena, we also use instruments to
precisely measure light—a form of energy that we
can see—to help us manage brightness and safety
in the spaces where we live and work.

LIGHT METERS

Light meters measure light levels. Engineers typically
measure illuminance—the amount of light falling

on a surface—and luminance—the amount of light
emitted or reflected by a surface.

A light meter uses a photosensitive sensor, such as
a photodiode, that produces an electrical current
when light hits it: the stronger the light, the stronger
the current, which the meter converts into a
numerical reading.

Engineers use light meters to design energy-efficient
buildings, streetlights, and stadiums that are bright
enough to be safe but not wasteful.

<IEEE
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Sensors & Electronic Measurement

Sensors play a supporting—but essential—role in
modern measurement. Whenever an instrument
needs to detect something in the physical world, a
sensor is usually the first step.

A sensor is a device that detects a physical quantity or
a change in the environment—such as temperature,
light, motion, pressure, or sound—and converts it

into a signal. This signal may then be processed and
converted into digital data that a computer can store,
analyze, or use to control a system.

To understand how sensors turn real-world changes
into electrical quantities data, it helps to know a few
basics about electricity. Voltage is the push that moves
electric charge, current is the flow of that charge,

and resistance is how difficult it is for the charge to
move through a material. When a physical quantity—
such as light, temperature, or pressure—changes, a
sensor may generate an electrical signal or change an
electrical parameter, such as resistance, capacitance,
or inductance. Electronic circuits then detect and
process this electrical response. That small electrical
change becomes the first clue that something in the
world has shifted.

A multimeter can read these changes by measuring
voltage, current, or resistance. It is a simple way to
check whether a sensor and its circuit are working as
expected.

Analog vs. digital signals

The real world is smooth and continuous.
Temperatures change little by little. Light gets brighter
or darker slowly. Sound waves wiggle smoothly
through the air. That's called analog; it's how nature
works. But computers don't understand smooth
changes. They only understand numbers, steps,
and Os and 1s. That's called digital.

So we use a special helper called an ADC
(analog-to-digital converter) to connect the two
worlds. The ADC takes tiny “snapshots” of the smooth
analog signal and turns each snapshot into a number
the computer can read. Before the signal reaches

the ADC, it sometimes needs cleanup. This process,
called signal conditioning, can amplify a weak signal,
filter out electrical noise, or smooth out jumpy
readings so the data is clear and reliable.

How sensors convert the physical
world into electrical signals

Every sensor performs the same core task: it

detects a change in the environment, such as light,
temperature, or movement, and converts that
change into an electrical signal. This process is called
transduction.

= A thermistor changes electrical resistance as it
heats or cools. These sensors are used in digital
thermometers, refrigerators, and phone batteries to
measure temperature.

» Photodiodes generate a small current when light
hits them. They are used in light meters, automatic
night lights, and solar-powered instruments to
measure light intensity.

» Microphones turn sound waves into electrical
vibrations. They are used in sound level meters,
voice recorders, and noise-monitoring instruments to
measure sound level.

» Accelerometers sense changes in motion and
tilt by producing tiny voltages. They are used in
smartphones and fitness trackers to measure
movement.

= Ultrasonic sensors send out sound pulses and
detect the echo to calculate distance. These sensors
are used in robot rangefinders, vehicles, and liquid-
level meters to measure how far away an object or
surface is.

-\ EXPLORE Sensors Uncovered: How
Machines Understand the World by IEEE
TryEngineering to learn more about the science
behind sensors.

Calibration, Error, and Uncertainty

No matter how advanced a tool is, it never gives

a perfectly exact value. That's why engineers pay
close attention to calibration, error, and uncertainty—
three ideas that help them judge how reliable a
measurement really is.

Why instruments need calibration

Calibration is the process of checking a measuring
tool against a trusted standard to make sure it gives
accurate results. If the tool is not measuring correctly,
it can be adjusted so its readings match the

known value.

For example, imagine a digital scale says a 100 g
calibration weight is 98 g. The scale can be adjusted
so it reads 100 g correctly. Another example is a
thermometer that should read 0°C when placed in a
mixture of ice and water. If it reads 2°C instead, it can
be adjusted to give the correct temperature.

Over time, measuring tools can become less accurate.

A thermometer might start reading a few degrees
too high, a bathroom scale might drift as its springs
wear out, or a robot's distance sensor might misjudge
how far away an object is. Scientists, engineers, and

technicians calibrate their instruments regularly to
make sure their measurements stay accurate and
reliable.

Think About It: Calibration is like setting the correct
time on a clock. If the clock is a few minutes off, you
adjust it so it matches the real time. Measuring tools
need similar checkups to stay accurate!

Sources of error

In science and engineering, error does not mean
“mistake.” It simply means that a measurement is not
exactly equal to the reference value, which is always
the case. Error comes in two main forms:

1. Systematic error

Systematic errors happen the same way every
time. They shift all measurements in one direction.
Examples include:

» A scale that reads 6 g (grams) even when empty
= A ruler whose zero mark is worn off

» A sensor that always reads slightly too high
or too low

s,

TRYEngineering’ < IEEE
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Common sources of
measurement error

THERMOMETERS

= Must be read at eye level to
avoid parallax error (when a
measurement is read from an
angle rather than straight on)

= Analog thermometerss
require estimating between
lines

= Digital thermometers round
to the nearest digit

SCALES AND BALANCES

» Must be zeroed before use

= Dust, air currents, or vibration
introduce random error

» A miscalibrated balance
creates systematic error

RULERS, METER STICKS,
CALIPERS

= A worn zero mark creates
systematic error

= Estimating between lines
causes random error

= Calipers have smaller
uncertainty than rulers

SENSORS

= Must be calibrated to known
standards

= Drift over time

= Affected by the environment
(heat, humidity, battery level)

TRY Measurement Certainty:
How Certain Are You?

by TeachEngineering to
investigate how accuracy,
precision, and error analysis
shape reliable scientific and
engineering conclusions.
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Systematic errors affect measurement accuracy—that is, how closely
a measured value agrees with a reference value. Calibration can
help engineers detect and evaluate systematic errors by comparing
an instrument’s indications with values provided by a measurement
standard. The results may then be corrected, or the instrument may
undergo an adjustment process.

2. Random Error

Random errors change unpredictably from one measurement to the
next. They come from tiny, uncontrollable factors, like:

» Reading a thermometer slightly differently each time

» Estimating between scale markings

= Small vibrations affecting balance

These errors affect accuracy as well—how close repeated

measurements are to each other. Engineers reduce random error by
repeating measurements and averaging the results.

»

Accurate measurement

When engineers measure
objects, they care not only about
getting the right answer but also
about getting it consistently.
These two ideas—accuracy and
precision—help describe the
quality of any measurement.

Trueness

Accuracy refers to how close
your measurement is to the

@@

A: high trueness and low precision B: high trueness and high precision

C: low trueness and low precision Dt low trueness and high precision
N

value. Precision describes how
consistent your measurements are
when you try multiple times.

Think of a dartboard: hitting the exact center bullseye is accurate. If you
throw three darts and they all land in a tight cluster far away from the
bullseye, you are precise, but not accurate. In science and engineering,
the ultimate goal is always to be both accurate and precise—getting
the right result every time. When a measuring device has both high
trueness and high precision, it produces accurate measurements.

Image Source: On the Commonly-Used Incorrect Visual Representation of Accuracy and Precision

TRY Accuracy Versus Precision Beanbag Toss by Carolina
| Knowledge Center to test your beanbag toss skills and
determine the accuracy and precision of your tosses.

Precision

P

Repeatability and confidence
of measurement results

A measurement becomes more trustworthy when
it can be repeated. Repeatability is when you
measure the same thing multiple times and get
similar results each time.

Engineers improve the confidence of
measurements by:

= Taking multiple trials
= Averaging results

» Using different methods to check for
systematic error

» Choosing the right tool for the job

Repeating measurements helps reveal random
error and gives a clearer picture of what the actual
measurement is.

Uncertainty: why it always exists

Throughout this e-book, we often use the word
accuracy because it is familiar and easy to
understand. But is accuracy really the best concept
to describe the quality of a measurement?

Scientists and engineers often prefer to talk about
measurement uncertainty instead. Why do you
think that is? Could uncertainty tell us something
that accuracy alone cannot?

Every measurement has uncertainty—a measure

of the range of values that could reasonably

be attributed to the quantity being measured.
Uncertainty is not a flaw; it reflects the limits of
measurement and the information available about
the quantity being measured. No measurement can
determine a quantity exactly, so every measurement
result has some uncertainty.

Uncertainty is determined by the tool itself.

For analog instruments such as rulers, beakers,

and thermometers, the uncertainty is found by
identifying the smallest increment, dividing it by
two, and rounding the result to one significant digit.
For example:

» A ruler marked in millimeters has an uncertainty of
+0.5 mm.

= A beaker with 10 mL increments has an
uncertainty of £5 mL.

* A beaker with 25 mL increments gives 25 + 2 =
12.5 mL, which rounds to £10 mL.

Digital instruments display a fixed number of
digits, so the smallest displayed digit becomes the
uncertainty. For example:

= A digital scale reading 12.34 g has an uncertainty
of +0.01 g

» A digital thermometer reading 98.6°F has an
uncertainty of £ 0.1°F

One reason measurements have uncertainty is
because of a tool's resolution. Resolution is the
smallest change a tool can show. For example, a
ruler marked in millimeters cannot measure smaller
distances than its markings. The resolution of a tool
helps determine how certain you can be about your
measurement.

A measurement must always use the same number
of decimal places as its uncertainty so that the
recorded value reflects what is known and what

is estimated. For example, 1.2 s £0.1 s is correct,
while 1.234 s £ 0.1 s suggests a level of precision
the tool cannot support.

<IEEE
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Qualitative data describes traits, categories, or
experiences. This kind of data answers questions
such as “What kind?" or “Why does this happen?”
Examples include describing a material as smooth
or rough, identifying a plant as healthy or wilted, and
noting that a robot's wheels are squeaking. These
descriptions help capture details that numbers alone
cannot express.

Data collection & data logging

Data is information we collect to understand what
is happening in the world. Engineers use data

to answer questions, spot patterns, and make
decisions based on evidence instead of guesses.
Data can come from observing, measuring, asking
questions, or using tools. Properly collecting and
logging data is essential for understanding how
systems behave and how they can be impro\/ed_ Quantitative data involves numbers that can

WATCH What are Data and Data Literacy: be counted or measured. It answers questions
> : , : like “How many?”’, “How much?”, “How often?”
Study Hall Data Literacy #1: ASU + Crash o o
; o Quantitative data can be divided into two groups:
Course by Arizona State University to explore what ) ' .
data is, why it matters, and how to start thinking like ~ * Discrete data is countable and takes only certain
a data analyst. values—like the number of books on a shelf or the
number of times a sensor detects motion.

What counts as data? ) .
» Continuous data comes from measuring and can

Data comes in many forms. Some data describes take any value within a range—like temperature,
qualities or characteristics, while other data height, or the time it takes for a ball to roll down a
describes amounts, measurements, or quantities. ramp.

Both types are valuable and help reveal patterns in

Engineers often combine qualitative and quantitative
the world.

data to get the clearest picture of what is happening.

B QUANTITATIVE DATA Data that can be counted or measured

& Discrete Data . Continuous Data

Count It! Measure It!
Takes specific values Can take any value within a range
Usually whole numbers Often includes decimals

¥ Number of books =12 » Temperature = 22.4°C

Powered by IEEE K@\%A
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TRY Data Detective Challenge

Choose an everyday object—a water bottle, pencil, plant, or backpack—and
collect both qualitative and quantitative data.

STEP 1—Observe STEP 2—Swap data STEP 3—Make
and measure with a partner your guess Reveal and reflect
Record and label each Exchange data sheets Using only the data you  Share the actual objects.
piece of data clearly. with a partner. Do not received, try to guess Discuss together:
reveal your object. what object your partner . \Which data was most
Carefully read the data studied. informative?

your partner collected
and try to form a mental
picture of what their
object might be.

» Was there any
important data missing?

= How could the data
have been clearer?

» Did the qualitative or
quantitative data give
stronger clues, and
why?

How devices capture and clean data

Whether data is collected by hand or gathered
automatically, the same principles guide how
engineers collect and log information:

TryEngineering's Wave Wonders: A
Signal Processing Journey eBook to embark
on an exciting signal processing journey to explore
this amazing technology! You will find different ways
to learn about signal processing and will also find
missions that will challenge you to dive deeper.

How often to measure: sampling rate

As engineers collect data, they must decide

how often a device or observer should take a
measurement. This timing is called the sampling
rate, and it affects how much detail the data will
show. A slow sampling rate might miss quick
changes, while a fast sampling rate captures more
detail but can create more data than necessary.
Choosing the right sampling rate is important for
getting useful information without overwhelming
the system.

Cleaning up measurements: noise and filtering

Even with a good sampling rate, real-world data

is rarely perfect. Measurements often jump

around because of noise, which is unwanted extra
information—similar to static in a radio. Noise can
come from electrical interference, loose wires, or
tiny differences in how the measurement is taken.
To make the data clearer, engineers use filters, which
smooth out random fluctuations so the true pattern
becomes easier to see.
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Making sense of data: graphing and
interpretation

Once data is collected and cleaned, it becomes
much more meaningful when it is graphed. Graphs
turn long lists of numbers into visual patterns that
are easier to understand. They help engineers

spot trends, compare results, see how something
changes over time, and make predictions.
Interpreting graphs is a key skill in engineering and
science because it transforms raw measurements
into understanding.

Using microcontrollers
to collect data

Microcontrollers such as the Arduino and micro:bit
are tiny computers that read signals from sensors.
When you connect a sensor, the board can
measure temperature, brightness, motion, or
distance and send that data to your screen. This is
how engineers build weather stations, robots, and
smart devices.

TRY Explore how data becomes visible

and meaningful, with the Making Sense
of Sensors: Visualizing Sensor Data Activity by
TeachEngineering.

https://www.teachengineering.org/
makerchallenges/view/nyu2-2298-sensors-
visualization-data-arduino-circuit-challenge

TRY Engineering’
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Watching data live: real-time monitoring

In most cases, data is not just collected once—it

is monitored as it happens. Real-time monitoring
shows measurements updating instantly while a
system is running. A heart-rate monitor displaying
beats per minute, a weather station dashboard
updating temperature and humidity, or a robot
adjusting its movement based on sensor readings
are all examples of real-time data in action. Seeing
data in real time helps engineers react quickly and
understand how systems behave from moment to
moment.

TRY Visit NOAA's Real-Time Data webpage
and explore current weather conditions from

different locations. Then use NOAA's Find a Weather
Station tool to locate a weather station near your
home or school. Compare temperature, wind speed,
or rainfall data from your local station with a station
in another state. What differences do you notice,
and what might be causing them? Use the data to
make a prediction about tomorrow's weather!

Why data collection matters

Data collection is more than writing down
numbers. It is @ way of understanding

the world, solving problems, and making
informed decisions. Careful measurement,
clear recording, and thoughtful interpretation
are the same skills engineers use to

design safer bridges, cleaner energy
systems, smarter robots, and more efficient
technologies. Good data leads to good
decisions.

Data can also help engineers predict
problems before they happen. By collecting
information from machines, vehicles,
buildings, or even entire cities, engineers
can create digital twins. A digital twin is a
virtual model of a real object or system
that updates using real data. Engineers can
use these models to test ideas, monitor
performance, and spot signs of wear or
failure before something breaks. This helps
make systems safer, more reliable, and less
expensive to maintain.

Just like a doctor uses health data to identify
potential health problems early, engineers
use data to identify potential equipment
problems before they become serious.

VOCABULARY
Industry Lingo

Accuracy — how close a measurement is to the value.

Analog signal — a smooth, continuous signal that can
change gradually, like the dimming of a light

Analog-to-digital converter (ADC) — a device that takes
snapshots of a changing analog signal and turns each one
into a number a computer can store, graph, or analyze

Calibration — the process of checking and adjusting a
measuring tool so it gives correct readings.

Conversion factor — a formula used to convert a
measurement from one unit to another

Data — information collected to help us understand what is
happening in the world

Digital signal — a signal made of steps or values (usually
Os and 1s, like an ON/OFF switch)

Error — the difference between a measured value and the
reference value

International System of Units (SI) — a global measurement
system based on the decimal system and seven base units

Measurement — the process of comparing an unknown
quantity with a known standard

Precision — how close repeated measurements are to one
another

Real-time monitoring — collecting and displaying
measurements instantly while a system is running

Repeatability — the ability to obtain similar results when
measuring the same thing multiple times under the same
conditions

Sampling rate — how often a device or observer takes a
measurement

Sensor — a device that detects a physical change—such
as heat, light, motion, pressure, or sound—and converts
that change into an electrical quantity that a computer can
understand

Standard units — fixed quantities used to measure physical
properties like time, length, mass, temperature, and volume

Uncertainty — a range of values within which the true
measurement is likely to fall

United States Customary System (USC) — a
measurement system used primarily in the United States
that includes units like inches, pounds, and Fahrenheit

<IEEE
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History of Instrumentation and
Measurement

Humans have always needed tools to measure the world. Over thousands of years, these tools have evolved
to become more accurate, more sensitive, and more powerful—shaping everything from navigation and
medicine to electronics and space exploration.

Ancient times—
the first tools

Long before modern science,
people created simple tools to
measure their world. They used
ropes and sticks to measure
length, sundials to track time, and
balance scales to compare mass.
These early instruments helped
people build structures, trade

goods, and explore new places.

1600s—Scientific
revolution

During this period, scientists

like Galileo and Newton

created instruments that made
measurements more precise and
repeatable. New tools included:

» Telescopes to observe distant
objects and planets

» Thermometers to measure
temperature

» Pendulum clocks to keep
accurate time

1800s—Electricity
changes everything

As electricity became better
understood, inventors created the
first tools for measuring electrical
quantities:

= Voltmeters (measure voltage)

» Ammeters (measure current)

» Galvanometers (detect tiny
electric currents)

For the first time, engineers

could measure invisible things

like electricity and magnetism—
opening the door to telegraphs,
early motors, and electrical lighting.

1900s—Electronics & automation
Radios, telephones, aircraft, and early computers

required precise measurement. Engineers developed:

» Oscilloscopes to visualize electrical signals
= Strain gauges to measure tiny stretches in materials
= Pressure sensors for engines and aircraft

= Early data recorders to store measurements
automatically

This era marked the birth of modern instrumentation,
where machines began measuring faster and more
accurately than humans could.

Smarter measurements with Al

1950s—-2000s—Digital revolution

Digital electronics transformed measurement tools,
making them smaller, faster, and smarter. Some of
these tools include:

= Digital multimeters for voltage, current, and
resistance

= Microcontrollers that collect and process data

= Automated test equipment for factories

» Data loggers that record measurements over time

» Smart sensors used in phones, cars, and medical
devices

These tools made measurement portable and
automatic, powering everything from robotics to
weather satellites.

Al-assisted measurement means using artificial intelligence to improve, automate, or enhance the way we
measure things in science, engineering, industry, and everyday life. It's not "Al doing the measurement for
us.” It's Al helping humans measure more accurately, more quickly, and in more complex situations than

traditional tools can handle.

Al-assisted measurement combines sensors, data, and machine learning to extract better information
from the world. It helps us measure things that are too fast, too small, too noisy, too complicated, or too

unpredictable for classical instruments alone.

Examples include:

= A thermometer that uses Al to correct for sunlight or wind so the temperature reading is more accurate

= A camera that uses Al to measure how fast a ball is moving

= A medical device that uses Al to detect heart problems from noisy signals
= A robot that uses Al to measure distance and shape to navigate safely

= A factory sensor that uses Al to measure tiny defects in products

Powered by IEEE k@\%
TRYEngineering
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Instrumentation and
Measurement Careers

Metrology engineer

Metrology Engineers specialize in measurement
itself. They design and calibrate the instruments
that define standards for length, time, temperature,
and mass. Their work ensures that every other
engineer—in medicine, aerospace, robotics, and
more—can trust the numbers their instruments
produce. Metrology is the foundation of all scientific
accuracy.

WATCH Meet a Metrologist: Made to

Measure by the Technology & Manufacturing
Association (TMA) to see what metrologists do
each day and how measurement fits into real

manufacturing work.

Biomedical engineer

Biomedical Engineers apply measurement principles
to design devices that monitor, diagnose, and

treat diseases. This field merges sensors, signal
processing, and display systems to interface with
living tissues safely. Core applications range from
wearable heart monitors to clinical imaging systems
including MRI'and CT scanners.

WATCH Girls in Engineering: Bioengineering
by Berkeley Engineering to learn more about
what bioengineers do.

Robotics engineer

Robotics Engineers use sensors and measurement
systems to help robots understand their
surroundings. They integrate distance sensors,
force sensors, gyroscopes, and cameras to
measure motion, position, and pressure. These
measurements allow robots to navigate spaces,
pick up objects safely, and interact with humans

in predictable ways.

TRY Learn the logic and skills behind

programming robots in the Follow the Line:
Programming Robots with Color Sensors activity by
TeachEngineering.

Test engineer

Test Engineers design experiments and
measurement setups to ensure new products

work correctly. They use instruments to measure
durability, temperature, vibration, speed, and
electrical performance. Whether testing a
smartphone battery or a spacecraft component, they
rely on data to confirm safety and reliability before
anything reaches the real world.

s,
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Instrumentation and
Measurement Careers

Aerospace engineer

Aerospace Engineers depend on measurement
systems to guide aircraft and spacecraft. They use
instruments that track speed, altitude, pressure,
temperature, and radiation. These measurements
help rockets launch, satellites stay in orbit, and
airplanes fly safely through changing conditions.
Without accurate instrumentation, space exploration
wouldn't be possible.

WATCH Day in the Life: NAWCAD Flight Test

Engineers by the Naval Air Warfare Center
Aircraft Division to see how these engineers deliver
safety and innovation to the fleet.

Environmental engineer

Environmental Engineers use sensors to measure
air quality, water purity, soil chemistry, and pollution
levels. They rely on instruments like pH meters,
particulate sensors, and chemical analyzers to
monitor ecosystems and protect communities.
Measurement helps them detect problems early—
from unsafe drinking water to rising pollution.

TRY Step into the role of an environmental

engineer and measure pH using the Red
Cabbage Chemistry activity by TeachEngineering.

Manufacturing engineer

Manufacturing Engineers use measurement tools to
ensure products are built accurately and efficiently.
They rely on lasers, cameras, pressure gauges, and

automated sensors to check dimensions, alignment,

and material quality. These measurements help
factories reduce errors, improve safety, and produce
everything from sneakers to satellites.

EXPLORE Visit the Manufacturing Engineer

Discipline page on TryEngineering.org to learn
more about this field, including a day in the life,
degree pathways, history, and related careers.

REFLECT After reading about these careers,

which one interests you the most and why?
Think about how each engineer uses measurement
to solve real-world problems—what part of that work
stands out to you?

by
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The Future of

Measurement and Instrumentation

Measurement is how engineers transform
observations into reliable data, and reliable data
into meaningful decisions, designs, and innovations.
Instruments, standards, and careful measurement
practices allow us to understand the world, solve
problems, and build technologies that work.

As technology advances, new tools allow engineers
to explore deeper oceans and more distant planets,
design safer cities, and understand complex
systems. No matter how much changes, one idea
remains constant: accurate measurement is the
foundation of innovation.

The world will always need people who can
observe, think critically, and use data to solve
problems. Measurement is more than a skill—it's

a way of seeing the world with clarity and curiosity,
and a powerful starting point for engineering

the future.

EXPLORE the IEEE TryEngineering

Engineering Discipline Pages to discover the
various engineering disciplines—what they do, the
tools they use, and how measurement shapes every
engineering field.

@) REFLECT How might advances in

@ measurement and instrumentation shape the
future of our planet—its safety, sustainability, and
the way people live—and what responsibilities do
engineers have when creating the tools that will
guide tomorrow's decisions?

I
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Interested in learning more about measurement?
Scan to explore the IEEE TryEngineering Instrumentation Measurement Collection.
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