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Overview

A good teacher is more like a master chef than a short-order cook. A good teacher manual is more like a book on how to cook well than a cookbook of unexplained recipes. This lesson plan is therefore intended as a general guideline that you must customize and simplify to meet the needs of your customers under the constraints of the tools and ingredients available to you.

Course Topic and Level

Optics (Physics, Physical Science), Secondary School (grades 9-12)

Class Time

At least 40 minutes in the lab and 40 minutes for discussion, in separate class periods if necessary

Goal of Inquiry

Without looking in the black box, removing its contents, or inserting anything, determine as many properties as possible of the object(s) in it.

Learning Objectives

According to the two sources, students should understand the following aspects of the nature of science:

1. The distinction between observation and inference.

2. That scientific knowledge is, eventually, empirically based (i.e., based on and/or derived from experiment and observation).

3. That scientific knowledge [including theories and explanations of anomalies] is partly a product of human inference, imagination and creativity.

4. That scientific models are not copies of reality but theoretical entities used to explain phenomena.

5. That scientific knowledge is subjective and partly determined by social and cultural factors.

6. That scientific knowledge (both theories and laws) is tentative and subject to change [and uncertain].

Process Skills

All students: creating and selecting inquiry methods, observing, collecting data, analyzing data, inferring, predicting, creating and testing hypotheses, constructing and testing models. 

Advanced students: measuring, calculating.

Prerequisites

Students should have completed the study of optics, including lab experiments where they used light ray boxes to learn the properties of mirrors, prisms and lenses. They should have a good qualitative understanding of the basic concepts of optics like absorption, reflection and refraction of light.

Sources

Abd-El-Khalic, F. & Lederman, N. G. Avoiding de-natured science: Activities that promote understandings of the nature of science. Department of Mathematics Education, Oregon State University, 28-29.

Lederman, N. G. (1998). The state of science education: Subject matter without context. Electronic Journal of Science Education, December 1998.

Materials

Equipment 

(for each group; see Diagram of Experiment Setup for arrangement; * items are optional)

Light ray box (with light bulb and batteries)

Slits (e.g. 1, 2, 3, *colored)

1 (*or 2) black boxes (see construction below)

1 (*or more) mystery object(s) (see below)

Plasticine (or other temporary adhesive)
*Larger box (wood or cardboard)

Ruler, protractor, pencils, erasers, overheads, pens

Blank, lined paper for write-up

Blank white paper for diagrams and sketches

*Homework sheets (see below)

Possible Mystery Objects

Lab Objects 

Mirror

· Concave

· Convex

· Flat

Lens

· Concave

· Convex

Prism

· Rectangle

· Equilateral triangle

· Right triangle

· Semicircle
Real World Objects 

Block of wood

Bottom of broken bottle or glass

Crushed soda can

Knife with wood handle

Thick pen or pencil

Piece of paper

Glass paperweight

Large, transparent hard candy

2 petri dishes taped together, containing a liquid

Plastic box taped shut, containing a liquid

Colored cellophane

Aluminum foil

Simulating Anomalies

To simulate the scientist’s experience with anomalies, to emphasize the importance of careful observation, or to make the detective work more challenging for more advanced students, you may want to use some of these strategies of creating tricky mystery objects. But be careful not to make things too complex, or students will become frustrated.

1. Use real-world objects not found in the lab. 

2. Use objects they have not studied. 

3. Two objects cause multiple reflections and refractions, and a relatively complex interaction may occur because there are more variables. 

4. Two objects very close together may seem like one object, perhaps even a different object. For example, use two semicircles to create a circle, two one-sided mirrors to create a two-sided mirror, two triangles to create a rectangle, or a concave and a convex lens of the same curvature to create a rectangle. 

5. Small, flat or thin objects might go unnoticed, especially if placed against the side of the box. 

6. An irregular shape causes nearly random reflections and refractions, making the rays hard to trace. 

7. Cover an object with aluminum foil. It will act like a mirror. (This is useful if you only have flat mirrors.)

8. Cover one side or part of the object with colored cellophane. Attach with transparent tape. The emergent ray is not always the same color. 

9. Cover one side or part of the object with opaque paper. The ray does not always emerge.

10. Cover the middle part of the object. One object may seem to be two.

11. Let advanced students produce challenging mystery objects for each other. 

Related Science Concepts for Discussion

The following concepts relate to the above objects.

1. What students are learning does apply to the real world. Scientists do not only study lab objects, though real-world objects are often more complex. Because of the cultural and social context of school science labs and their past experience with ray box experiments, students might not expect the black box to contain real-world objects, so they might not consider them as possible solutions. 

2. Scientists occasionally find new phenomena and must try to explain it with their existing knowledge.

3. Using x-ray diffraction, physicists use similar scattering experiments to reconstruct the complex structure of atoms, molecules and crystals.

4. What astronomers thought were single stars were sometimes actually binary stars, globular clusters or galaxies. 

5. Small and distant asteroids, satellites, planets and stars were only discovered as more precise telescopes and observation techniques were invented.

6. Atmospheric conditions often act as an irregular lens and distort astronomers’ views of planets and stars.

Preparation

Construction of Black Boxes

The black box should be a flat, rectangular box about 3 cm thick and 10-20 cm in width and height. It should be open at the two opposite wider ends. The other four sides should be opaque, preferably black inside and out so light rays that hit it are completely absorbed, and also so that students will better understand the term “black box.”

It could be constructed out of painted wood, cardboard, glass, a videocassette box, a floppy disk box, or a thin envelope box with the top and bottom removed.

The boxes can all be identical, or they can have different sizes and shapes. They should be just large enough to contain and conceal the objects. If they are too large, they may cover up some of the observations of smaller objects, and the emergent rays might not be bright enough to be seen clearly.

Number each box for later referral.

Equipment Setup

Arrange tables and chairs into groups.

Darken the room as much as possible.

Do the following for each group (see Diagram of Equipment Setup).

Test the light ray box to be sure the light bulb and batteries are working. Add a double or triple slit and adjust the distance from the light bulb to the slits until the rays are parallel.

Insert one or more mystery objects into the black box. Attach the objects to the inside of the black box with small pieces of plasticine to keep them from changing position.

Record the size, shape and position of each object and the black box number.

You may want to trace the box and sketch the position of the objects in it as accurately as possible, trace some example rays and number them, and create an overhead from the result.

You may want to put everything into a larger box and attaching the black box to the bottom with plasticine. This would keep students from inadvertently looking into the open ends of the black box and also help shield the ray box from external light sources. The disadvantage is that students would not be able to work as freely. Or you might put the black box on a chair or the floor, or ask students to stand.

Procedure

Laboratory Experiment

Form groups of two to four students. If you do not have enough equipment for groups of students, you could perform the experiment as a demonstration, asking the students to lead the investigation.

Students should divide the labor so that everyone is doing something. Tasks include operating the equipment, tracing and sketching, and recording thoughts in writing. All students should discuss properties, methods, hypotheses, observations, inferences and reasons. You might ask students to give examples of these concepts if some students are unfamiliar with them.

Emphasize that you will not assess their work on whether they found the right answer, which could easily be found by peeking in the box. You will assess their work by their methods, precision, thinking and reasoning. They should explain how their solution follows logically from the data they collected.

You may prefer not to give students too much information at the start, especially if they have thoroughly learned the concepts in previous lessons. You may use the information to guide individuals or groups who run out of ideas and become frustrated.

If there is confusion, it might help to demonstrate a simple example such as a plane mirror.

You may want to allow students to create a model of their black box by putting objects into another box and checking if the behaviors of the two systems match. Provide a wide range of objects similar to the mystery objects, but possibly not exactly the same. Caution: Students would be more likely to steal mirrors and lenses. Also, by providing objects, students may not have to use their imagination as much, and they may assume that the objects in their black box are limited to the objects in the models.

If time permits, when a group finishes with one black box, let them get another black box, preferably one that another group has completed. Have at least one more black box than there are groups to decrease the amount of time groups spend waiting for a black box they have not used.

Class Discussion 

Have students use overheads and pens for their tracing and sketching, or make overheads of them (or use a document camera or digital camera, computer and LCD projector).

Ask students to present and compare their proposed solutions. Ask for debate, corrections, improvements, or different solutions.

You could use some or all of the discussion questions as homework. However, there should be at least some discussion of some of the questions in the classroom, either in groups or as a whole class, to be sure that students understand the commonly accepted views of the nature of science. To assure that the students learn the nature of science concepts, the concepts must be explicitly and repeatedly mentioned with supporting examples.

Homework

You may want to use the worksheet before, after or even instead of the lab. The worksheet need not take class time, simplifies the problem and lets the student focus on puzzle solving and generating hypotheses.

You may want to ask advanced students to perform calculations to estimate index of refraction, lens focal length, curvature and thickness, etc. for homework.

Possible Results

Properties

Number of objects

Size and shape (outline) of objects

Position of objects inside box

Material composition of objects

Methods

Trace the black box and incident and emergent light rays.

Code the incident and emergent rays (e.g. with numbers or colored pencils) so that many rays can be drawn on the same diagram.

Vary the angle of the incident ray.

Vary the position of the incident ray.

Put the ray box on the other side of the black box.

Use more than one ray in parallel.

Use two or more converging or diverging rays.

Measure angles between rays.

Measure focal length.

Mark inferred object corners or edges.

Observations and Inferences

Qualitative

Observation
Possible Inferences

Ray direction is unchanged 
(incident and emergent rays are in same line)
No intervening object, or normal incidence and emergence on transparent material (prism or lens)

Ray is displaced 
(incident and emergent rays are parallel)
Double reflection from parallel mirrors, or non-normal incidence on rectangular prism

Ray is bent 
(incident and emergent rays are not parallel)
Non-normal incidence on transparent material (prism or lens) or mirror

Ray disappears 
(no emergent ray)
Opaque (absorbing) material, or ray hit side of black box

Parallel rays converge
Convex lens or concave mirror

Parallel rays diverge
Concave lens or convex mirror

Ray color changes
Colored transparent or reflecting material

Quantitative

Measurement
Calculation

Focal length and width of lens
Curvature of mirror or lens and thickness of lens

Angle of incidence and angle of refraction
Index of refraction of material

Discussion Questions

Observation and Inference

1. What are some things that scientists investigate but cannot see? What do they use instead of sight to show that the things exist?

2. If all groups got the same answer for one black box, how was the data consistent with the answers?

3. If some groups got different answers, are there any inferences that were not consistent with the data?

4. Could two different black boxes with different contents produce the same set of observations? Explain.

Creativity

5. What methods did you use to try to figure out what was in the black box? How did you come up with those methods?

6. How did you come up with your explanations for the contents? Were they immediately obvious?

Anomalies

7. Is there anything you would not have found if you had been less precise?

8. Is there anything you might have found if you had been more precise? 

9. When and why is precision important in scientific work?

10. Was there anything that you could not explain by your current knowledge of physics?

11. What can scientists do when they find something that doesn’t seem to fit with their theories?

Models

12. How did the model black box help you to understand the mystery black box? Is your model black box an exact copy of what is in the mystery black box?

Subjectivity

13. Did you record all your observations, or only ones that seemed important? Why?

14. Could different groups produce different observations and propose different possible contents for the same black box? Explain.

Uncertainty and Change

15. How certain are you about what is in your black box(es)? What determined how certain you are?

16. How certain are scientists about the world? Can scientific knowledge ever be absolutely certain?

17. Do scientists always, sometimes or never find the truth about what they are observing?

18. If you did not correctly guess the contents of the black box, are you a bad scientist? Explain.

19. How can scientists know if their work is good or scientific?

20. Could your idea of what is in the box change (without looking inside it)? How?

21. Do scientific theories change? Explain.

22. How could the teacher accurately measure the position of the objects in the box without moving them or damaging the box?

23. What is an example of something scientists cannot measure without changing?

Possible Answers

Observation and Inference

1. Scientists use various objects, instruments and techniques to demonstrate and measure what they cannot see. For example, they use thermometers for measuring temperature, ammeters for measuring electric current, chemical tests for identifying gases, scales and telescopes for measuring the effects of gravity, Geiger counters for detecting radiation, collision experiments for inferring the properties of atomic nuclei, neutrino and energy detectors for inferring the composition of the sun, surrounding stars and gases for measuring the gravity of black holes, and fossil bones for investigating dinosaurs and human ancestors.

2. [It is important to have explicit logical arguments and to separate observation and inference.]

3. [It is important to catch errors in method, observations and inferences.]

4. Observations limit and restrict the possibilities of what exist, but they do not uniquely define the possibilities.

Creativity

5. See the Methods list for possibilities. Scientists usually use established methods, but they often must be creative in exactly how to use them effectively.

6. See the Observations and Inferences list for possibilities. Usually methods and inferences are not all known in advance, and interaction with the environment inspires the scientist to be creative. Early hypotheses are tested, and only ones supported by the evidence become theories.

Anomalies

7. Small items or details are examples of what might not be detected if the student is not precise.

8. More precision may give more details, including quantitative measurements.

9. Precision is important to get as accurate a description of phenomena as possible. It may be less important if time is limited and a basic qualitative description of phenomena suffices.

10. This depends on the student’s current knowledge and the choice of mystery objects.

11. When scientists discover an anomaly, they have several options to try to explain it. For example, they can repeat the experiment or perform new experiments to see if the anomaly was due to their methods or equipment, or create new hypotheses that may lead to new theories that may replace the old theories.

Models

12. We can observe that the behavior of nature and a model is the same in many ways, but we can only infer with less than absolute certainty that they are functionally identical. Models are never exact copies of reality.

Subjectivity

13. Scientists try to record many observations because they are never absolutely sure what might be important, but they cannot record every possible observation and must focus their observations on the questions they are trying to answer and hypotheses they are testing.

14. Observation is subjective and people see things in different ways, so they might all have different yet valid observations for the same black box.

Uncertainty and Change

15. This depends on many things such as the student’s knowledge of optics, care in observation, the contents of the black box, etc.

16. Certainty depends on precision of measurement, reproduced evidence, etc. but cannot be absolute.

17. Scientists can sometimes easily disprove bad theories or provide strong evidence for other theories, but we can never know for certain that we are not mistaken.

18. Although bad scientists often do not describe reality accurately, even good scientists can later find that they were mistaken because future evidence appears that they could not have found at the time.

19. Good scientists use systematic methods, observe carefully, record their data, provide logical arguments to support their inferences, communicate their results to others, try to avoid being biased, etc.

20. The student could think of new inquiry methods, new hypotheses, make more observations, etc.

21. Scientific theories change as more information comes in, people think about the problem in new ways, etc.

22. The teacher could carefully insert a ruler and measure the distance to the edges, or attach the objects to a piece of paper and measure them on the paper before inserting them.

23. According to the uncertainty principle, anything we measure is changed. This is especially true when measuring very small things like subatomic particles, which explains why we cannot have a picture of them. But any time scientists take something into a laboratory or observe something, they must take great care to disturb the object or its surroundings as little as possible in order to get as accurate information as possible.

Worksheet Solutions

1. Example 1 or 5: Rectangular prism, centered, horizontal. 
Note that there is no way to tell the position of the prism from the observations provided, though further observations could establish it. Also, the displacement depends on both the thickness and index of refraction, so the thickness is also needed to calculate the index of refraction.

2. Example 3: Rectangular prism, similar to solution 1 but rotated clockwise by a small angle. 
Rays in B go straight, so they must be normal to the prism. Rays in A, C and D are displaced in the expected direction.

3. Example 32: Double-sided flat mirror, centered, horizontal. 
The vertical rays in A and B are anti-parallel, so the mirror must be normal to them and thus horizontal. C and D also show reflection, and the rays would meet near the center of the box.

4. Example 34: Double-sided flat mirror, centered, vertical. 
Rays in B and C and one ray in D are reflected and can be traced back to the center. The center ray in A hits the side of the mirror. The other rays in A and D pass through air.

5. Example 14: Concave (divergent) lens, centered, horizontal. 
Parallel rays in A diverge, and converging rays in B become parallel. Center rays pass straight through in all diagrams, which is explained by normal incidence and emergence. All rays in D pass through the center of the lens.

6. Example 13: Convex (convergent) lens, centered, horizontal. 
Parallel rays in A converge, and diverging rays in B become parallel. All rays in C pass through the center of the lens. The divergent rays in D become less divergent.

7. Example 11: Circle, centered. 
The middle ray in A goes through the center of the circle, and the outer rays pass through air. All rays in B go straight through the center of the circle. Rays in C and D are refracted twice.

8. Example 12: Semicircle, centered, with straight edge near top of box. 
Ray A goes straight through because of normal incidence and emergence. Ray B is totally internally reflected. Rays C and D are decreasingly refracted.

9. Example 7: Right isosceles triangular prism, centered, with longest side near top of box. 
Rays in A are totally internally reflected twice. Rays in C and D are refracted twice. All rays in B are absorbed by the right side of the black box, and the left two are first totally internally reflected.

10. Example 35: Two parallel double-sided flat mirrors at a 45 degree angle to the box.
Rays in A are reflected twice. Rays in B are reflected into the side of the box. Rays in C pass through air between the mirrors. Rays in D are reflected by and normal to the mirrors.
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