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Abstract:
Understanding electricity and magnetism is difficult for introductory physics students partially due to a lack of familiarity, exploration and reflection upon electromagnetic phenomena. This activity was designed to help students experience and reflect upon magnetic phenomena and visualize magnetic fields around a current-carrying wire. Students constructed solenoids using a D-Cell flashlight battery, copper wire, a nail, and a straw.  Students were guided though. activities and explored the changes in intensity of magnetic fields at different distances away from the solenoid, and the effects due to introducing an iron core into the solenoid.  Supplementing the qualitative conceptual experience, sample relevant calculations were also included for this activity.
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My introductory high school physics students struggled with concepts associated magnetic fields and the effects of electromagnetism. In order to help students anchor these ideas in concrete objects, it was important to provide my students the opportunity to gain visual and kinesthetic experience with electromagnetism (Arons, 1997) Is this a direct quote with an associated page number?. Visualizing magnetic fields in three dimensions is a significant challenge students face (Nguyen, 2005). The ability to fill in empty space with what a magnetic field may look like is a difficult task for students (Sawicki, 1997).  Allowing students to construct models of a solenoid (or a wire wrapped in a coil) was beneficial for helping students with visualizing magnetic fields (MacIsaac, 2009) (Picture 01). My goal was to create an interactive activity for my students to help them understand how magnetic fields behave and to gain the hands-on experience that has been widely believed helps students understand magnetism. This simple activity constructing low cost solenoids provided students experience with magnetic phenomena and is designed to increase student spatial understanding of three-dimensional magnetic fields. This activity facilitated the exploration of the magnetic interactions of solenoids with different materials and the effects of different geometries of current-carrying wires on the magnetic fields created. By editing the associated mathematical examples, the activity could be modified (reduced or extended) as appropriate to meet the needs of a conceptual physics, AP physics, or even a calculus-based introductory college physics course. 
Prior to this solenoid construction activity, my students read the basic theory of magnetic fields surrounding permanent magnets and current carrying wires using various activities (Knight, 2008; Modeling Curriculum, E&M Unit 4 Lab 1 v 3.0, available from <http://modeling.asu.edu/Curriculum.html>).. In related activities understanding these concepts, students utilized a magnetic compass and iron filings (Diagram 02, Diagram 03) to view the magnetic field around a vertical current carrying wire.  The Modeling activities were designed to help students become familiar with magnetic fields as well as introduce them to the Right Hand Rule #2 (Diagram 04). Another activity used iron filings and a compass to view the magnetic field around permanent magnets. Students placed a compass at various distances from a single permanent magnet to observe how the magnet attracted and repelled the north and south poles of a compass. This was a great activity for students to see how the needle of the compass deflected greatly when close to the magnet and deflected only slightly when placed a foot away (Riveros & Betancourt, 2009). Other topics covered included magnetic fields created by a current running through a circular wire and work problems using the Right Hand Rules to determine the direction the magnetic field is pointing inside, outside, and around a current carrying wire in a loop (Knight, 2008). After I completed these introductions, I felt my students were prepared to construct a solenoid and predict its magnetic field.

Activity materials required were both inexpensive and readily available. For each student or team, the following materials were required: A plastic or paper drinking straw, some magnet wire (enamel coated copper wire - about a meter per person), a steel (iron)  nail (about 9 cm long), a D-Cell, a magnetic compass, and a few paper clips (Picture 01). Although magnet wire works best for winding solenoids, ordinary insulated solid copper wire is acceptable. These materials were purchased at a variety of local stores or on the Internet. Because compasses, paper clips and D-cells were readily available, the cost was roughly $10 for a class of 25 students (see product list). Many of these materials were able to be recycled for future classes.

Constructing the solenoids was quite straightforward. When I began the experiment, I made sure that both ends of the copper wire were stripped. I then asked my students to wrap the wire around the straw with the nail placed inside for support. I instructed my students to record the number of times they wrapped the wire loops around the straw for subsequent calculations. To elicit discussions between partners regarding the number of loops vs. the magnetic field strength, I had my students purposely wrap their solenoids with different number of loops. Students were instructed to avoid wrapping the wire too tightly around the straw in order to permit easy insertion and removal of the nail; this allowed the solenoid to have either an open core (no nail) (Picture 03) or an iron core (nail inside) (Picture 04).  It was also important to leave a few inches of unwrapped wire at both ends of the solenoid as leads so that there was enough room to press the stripped sections of wire to the D-Cell terminals. With their solenoids completed, the students connected the two stripped ends of wire to the D-Cell terminals, sending a current through the wire and creating a magnetic field around the solenoid (Diagram 01).  I encouraged the students to touch and tap and monitor the time the circuit is closed to prolong the working life of the D cell.
In this experiment, it was important to alert the students that the D-Cell would, in essence, be shorted causing the wire to become warm, and to call their attention to this phenomenon during and after the activity. I explained to the students that the wire has a low resistance, thus creating a very large current which heated up the wire. Students were instructed to open the solenoid circuit every few seconds to allow the D-Cell and wires to cool down. Allowing the D-Cell to rest every few seconds also greatly increased both the life of the cell and the accuracy of the results. Note that my students were not in danger of actual burns from the wire, though this is a faint possibility with thinner wire.
In order to learn about different designs of solenoids and gain a better idea of the magnetic fields they create, students constructed their own solenoids. Throughout the activity I instructed my students to try a variety of different solenoid designs in order to compare the different effects with their partners. Before the activity, I cut the straws into different lengths. Not only did this reduce straw waste but it guaranteed that the students would wrap their solenoids with a different number of loops. This was important for demonstrating the relationship between the number of loops and the magnitude of the magnetic field of the solenoids (Picture 02). 

My students readily calculated an approximate value of the strength of the magnetic field created by their solenoid given the standard equation:


[image: image1.wmf] 

[Equation 1]

with 
[image: image2.wmf], where 
[image: image3.wmf] is the magnitude for the magnetic field in Teslas, 
[image: image4.wmf] is the number of loops in the solenoid, 
[image: image5.wmf] is the length of the solenoid in meters, 
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[image: image8.wmf]is the permeability constant depending on the material of the core which is equal to:
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[Equation 2]

for an air core (no nail inside solenoid) solenoid, or 2000X stronger:

[image: image10.wmf]

 [Equation 3]

for an iron core (nail inside solenoid). Units are in Teslas-meters per ampere (Knight, 2008; Lide, 2008).

The permeability constant for the iron nail is much higher because iron will ferromagnetically respond to a magnetic field producing an enhanced magnetic field strength. The more responsive a material is to an induced magnetic field the higher the materials permeability constant or magnetic susceptibility. Exempting the differences in the current in each D-Cell from consideration, for a given type of solenoid (open core or iron core) the only significant variable that was not the same for each student was
[image: image11.wmf](and the amount of iron for the iron core solenoids). Thus, it became apparent to the students that the greater number of loops per unit of length resulted in an increased magnetic field created by the solenoid. 

I began the activity of experimentally measuring the magnetic field by instructing the students to connect the D-Cell to their open core solenoid (without the nail inside the straw) and observe the interactions between their solenoids, a compass, and paper clips. One approach to find the magnitude of the magnetic field was to see how many paper clips the solenoids would lift up. If a solenoid lifted more paper clips than another student a reasonable prediction was that the solenoid that picked up more paper clips was stronger. A more accurate approach I had my students explore was to see how far away their solenoids would deflect the compass 10°, 45°, or 90° and alternatively to compare the solenoid distance from the compass necessary to exactly deflect the needle by 45°. I instructed the class to make sure that there were no other steel items or magnets on the desktop while measurements were being taken to avoid interference to the compass needle. The instructor also must check the desktops for steel beams and screws and try to avoid these when comparing magnetic field strengths with a compass.  Students measured the distance between the solenoid and a magnetic compass (the latter being deflected by the predetermined number of degrees) using a meter stick and a protractor. Students were given time to discuss their results with a partner to see what similarities and differences they measured. Then I had the students try to explain why their results were different or similar. We then discussed the relationship of the deflecting force of the magnetic field and compared it to Coulomb’s law. I explained that the magnetic field created by the solenoid deflects the compass needle by the inverse square of the solenoid’s distance away from the compass (Knight, 2008). For example, if two solenoids both deflect a compass needle 10° but one solenoid is twice as far away from the compass than the other, then the magnetic field of the farther solenoid is four times as strong as the closer solenoid. 

After a discussion about the interactions between their solenoid, paper clips, the compass needle, and their partner’s solenoid, my students created a sketch of the solenoid including the direction of current flow and polarity of the solenoid’s ends (Diagram 01). Though my students had examined the magnetic fields of permanent bar magnets already, this was still a difficult task to complete. When students determined the polarity of their solenoid, I had them use a compass to establish which side of the solenoid attracted the north seeking end of the compass (solenoid’s magnetic south pole) and which end of the solenoid attracted the south seeking end of the compass (solenoid’s magnetic north pole). Attempting to determine the polarity of the solenoid using a bar magnet was difficult. The solenoid's magnetic field (especially with the iron core inserted) is MUCH stronger than the much weaker magnetic field of most bar magnets and, when the solenoid was in contact with the iron bar magnet, the solenoid usually magnetized the iron permanent magnet overwhelming the usual magnetization and attracting both ends of the bar magnet. To see repulsion with the bar magnet required carefully starting out with the solenoid and the bar magnet separated and closely observing their behavior as they were gradually brought close to one another.  To determine the polarity correctly, my students were instructed to always use a compass and initially have the (open core) solenoid a foot or so away, slowly moving the solenoid towards the compass until they could determine which ends of the solenoid attract the different ends of the compass. Then the students put the nail back into the middle of the solenoid, creating an iron core solenoid, so they can see how the interactions with the compass and paper clips compared to their open core solenoid. Students would see that the iron core solenoid was much stronger than the air-core solenoid. They may not have known how much the magnetic field had increased but they soon noticed that they were able to pick up more paper clips and that the solenoid with iron core deflected the compass needle more from the same distance as previously measured.  Discussing the interactions between the different solenoids and how they affected the deflection of the compass needle (or how many paper clips they lifted) helped the students connect the visual examples using solenoids to other magnetic field applications.

After the experimental measurements I instructed my students to calculate the magnetic field using Equation 1. I asked my students to calculate the strength of the magnetic field by counting the number of loops on their solenoid, measuring the total distance of their solenoid, using 1 Amp as the current flowing through their solenoid, and using the permeability of the open core solenoid given in Equation 2 (Table 1). These calculations were not exact because the current output was different depending on the age of the battery; however, they provided a good approximation. With the nail inside, the solenoid became an iron core solenoid and the permeability constant changed to the permeability of iron given in Equation 3. The magnetic field strength for an iron core solenoid should increase approximately 2000 times. This approximation may not have agreed with the experimental results depending on the quality of the nail; however, the iron core solenoid did have a noticeably stronger magnetic field.  I explained to the class that this effect is due to the magnetic domains in the iron nail which will line up with the magnetic field created by the solenoid, i.e. the iron will act like a bunch of little magnets and amplify the magnitude of the magnetic field (Knight, 2008 p?). 

Other extensions to this activity included encouraging exploring modified designs and comparing the magnetic fields produced. For example, students who doubled the number of loops on the solenoid by putting another layer of wire on top of the previous layer without making the solenoid any longer, found the solenoid magnetic field stronger, as predicted by Equation 1. When the number of loops was doubled, 
[image: image12.wmf] was be twice as large for a given length. This lead to 
[image: image13.wmf] being twice as large and consequently 
[image: image14.wmf] doubled in magnitude. I found that allowing free time for students to alter their solenoids’ design was a great way for students to explore how different changes affect the solenoids magnetic field. The changes to the magnetic field were observed from the solenoid picking up more paper clips or deflecting the compass needle a greater amount when held at the same distance. My students found that some solenoid designs create a larger magnetic field than other designs. Other modifications I had my students experiment with included wrapping the solenoids less tightly, wrapping the solenoid in different directions around the straw, and putting loops of wire on top of one another while always recording the number of loops they wrapped around the straw. Wrapping the wire less tightly and putting loops of wire on top of one another decreased and increased the magnitude of the magnetic field respectively, changing the direction the wire was looped around the straw so as to create partial or complete cancellations did not have as obvious an effect. Changing the way the wire was wrapped around the straw, say from clockwise wrapped to counter-clockwise wrapped around the straw, would change the solenoid’s polarity. However, if the students reversed the D-Cell terminals while rewrapping the solenoid, this would have a compensating effect resulting in no change in polarity. Because the number of different solenoid designs is virtually endless, I encouraged my students to experiment with different ideas. 

After my students completed their solenoids and observed how different designs created different magnetic fields, I showed them examples of commercially designed solenoids. These are available through most science material magazines, such as science kit (http://sciencekit.com/), or online for around $100.00. My students were impressed that their solenoids were so similar to the ones that cost hundreds of dollars. I discussed how these solenoids were constructed and worked the same way as their solenoids. I had access to a “ring flinger” (an electromagnetic ring launcher) (Hall, 1997; McAlexander, 2005) (PASCO) so I amazed my students by demonstrating how strong a solenoids’ magnetic field can get. I then showed my students how solenoids play a major role in our everyday lives. I explained that solenoids are used in MRI machines, car starters and alternators, and doorbells which use solenoids to strike chimes and make music.

To further supplement this activity, I found it beneficial to introduce students to the simulations found on The University of Colorado at Boulder’s PhET website http://GIVE COMPLETE URL TOEXACT SIMULATION PLEASE. Specifically, the simulation Generator 2.02 (Frankel, 2009) has interesting solenoid diagrams that allowed my students to visualize the magnetic field created by the solenoid as well as what factors affect the magnitude of the magnetic field. I found these applets to be helpful for students trying to understand the interactions between magnetism and current flow in their solenoids. The simulation added visual effect while the physical experiment allowed students to reliably and consistently take numeric "measurements" and calculate the magnetic field created. Both the strongly numeric simulation and the more qualitative real world experiment complemented one another to create a more complete experience on magnetism.  

Entering the electromagnet tab under the simulation Generator 2.02, the students were able to visualize the magnetic field created by the solenoid. The students were instructed to select a DC current source, show the field meter, and change the number of loops to one. Using the field meter, students observed that the magnetic field becomes larger the closer to the middle of the solenoid they get.  Because the field meter measured the magnetic field in units of G, or Gauss, instead of Tesla, it was necessary to provide my students with the straightforward conversion of 10,000 Gauss equals 1 Tesla. Although this applet did not provide sufficient information to calculate field strength directly using Equation 1, it did give consistent data about the variables that affect the magnitude of the magnetic field. By increasing the number of loops and increasing the potential difference of the current source, students visually and quantitatively saw the increase in magnetic field strength. They were also able to see how the distance between the field meter and the solenoid affected the strength of the magnetic field. The two features, show field and show electrons, were both beneficial for visual learners who have difficulty understanding the concepts of current flow and magnetic fields surrounding solenoids. In my opinion, this simulation is not a substitute for the solenoid construction; however, unlike physical experiments which can provide unreliable data, these computer simulations provide ready, continual qualitative data that can be reproduced in each class.  This application was a valuable addition to the lab and provided visual aids that are not easily reproduced experimentally. 

Constructing solenoids is a simple and low-cost activity that allowed my students to see first-hand how the different properties of a solenoid affect the magnetic field surrounding it. This activity heightened my students understanding of magnetic fields associated with current-carrying wires as well as more difficult magnetic field setups.  Aside from being inexpensive, I have found this experiment to be quite versatile, allowing me to explore many different facets of magnetism inexpensively. An important additional benefit to performing the experiment with my students is that they enjoyed constructing their own solenoids and learning about the interesting magnetic fields surrounding them. The feeling of empowerment experienced by students with this activity was evident. This activity provided students with confidence in their work and positively affected their attitude, not only towards magnetism and physics but towards science in general. Arons observed noticeable improvement in students’ attitudes toward magnetism following concrete experience measuring the magnetic field of a source, such as a solenoid (Arons, 1997). If sufficient supplies are available, students can enjoy taking their solenoids home and showing them off to their peers and parents. With the construction of simple solenoids and the use of these supplemental diagrams and applications, students are afforded a visualization of this topic while exploring some of the properties and calculations associated with magnetic fields.   

Constructing solenoids with students can be taught through whiteboarding (MacIsaac & Falconer, 2004) and the objectives provided in Table 1 below helped guide the students through the experiment as well as guided instructor’s discussions with the students (MacIsaac, 2009).

Table 1: Objectives and Solutions
	O1. Measure the length (
[image: image15.wmf]) of your solenoid.
	S1. (Only the section of loops, in meters)

	O2. How many loops or loops (
[image: image16.wmf]) does the solenoid have?
	S2. Count how many loops the solenoid has

	O3. Calculate
[image: image17.wmf]. (
[image: image18.wmf])
	S3. Take your answer for A2 and divide it by A1. This is the loops per meter of your solenoid. 
[image: image19.wmf]

	O4. How many paper clips can your open core solenoid pick up?
	S4. When there is no nail in the straw. Some small solenoids may not be able to pick up any paper clips; this is okay.  

	O5. How far away can your open core solenoid deflect a compass needle 10°, 45°, or 90°? (measure the distance in meters)
	S5. You will need a protractor and meter stick for this. A small solenoid may not be able to deflect a compass needle 90° but take as many measurements as you can and compare them to the iron core solenoid later. 

	O6. Compare your results with a neighbor. What is different? What is the same? What do you think is affecting these results?
	S6. You should find that a solenoid with significantly more loops per meter will lift up more paper clips and deflect a compass needle from farther away. 

	O7. Remembering what you learned about the magnetic field surrounding a permanent magnet, predict the magnetic field around your solenoid. Include a picture of your solenoid and a sketch of the field around it.
	S7. Inside the solenoid the field is strongest in the middle. Outside the solenoid the field is strongest near the ends and is very weak near the middle of the outside. 

INSERT DIAGRAM 01

	O8. Predict where the magnetic field is the strongest. Can you confirm this with a compass?
	S8. The compass needle should deflect more when either end of the solenoid is near it. It should not deflect that much near the middle of the solenoid (the outside of the solenoid).

	O9. Using the Right Hand Rule # 2 predict the polarity of your solenoid and add it to your sketch. Check to see if your prediction is correct using a compass.
	S9. Students should use the RHR #2 to predict which end of the solenoid is magnetic north and which is magnetic south. The students can use a compass to confirm their predictions. The solenoids magnetic south will attract a compass’s north end of the needle. (Have the students do this from a distance (and still using open core) so they do not demagnetize or switch the magnetic field of the compass).  

	O10. Place the nail inside the straw making the solenoid an iron core solenoid. Now repeat Q4 and Q5. 
	S10. All measurements should indicate that the solenoid is stronger. The iron core solenoid can pick up more paper clips and deflect the compass from farther away.

	O11. Compare the air-core (no nail inside) solenoid to the iron core (nail inside) solenoid. Discuss the similarities and differences with a neighbor.
	S11. They both seem to deflect a compass needle; however, the iron core solenoid has a larger effect from the same distance away as the open core solenoid. The iron core solenoid is much stronger than the open core solenoid.

	O12. If your solenoid has 1 Amp of current running through it and you assume the permeability constant (for an open core or no nail inside solenoid) is
[image: image20.wmf], then calculate the magnetic field (B-field) at the center of your solenoid using the equation
[image: image21.wmf]. 
	S12.  Example for a solenoid 5 centimeters long with 35 loops:
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[image: image24.wmf] (permeability of air)


[image: image25.wmf]

	O13. If your solenoid has 1 Amp of current running through it and you assume the permeability constant (for an iron core or nail inside solenoid) is
[image: image26.wmf], then calculate the magnetic field (B-field) at the center of your solenoid using the equation
[image: image27.wmf]. 
CHANGE THESE FOR 2000, not 800 please
	S13. Same length & number of loops as S12:
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[image: image30.wmf] (permeability of iron)


[image: image31.wmf]

	O14. Discuss with your neighbor why you think the magnetic field created by the iron core solenoid is so much stronger? Why is the permeability constant so much higher for iron than air?
	S14. The permeability constant for iron is much stronger because iron’s susceptibility to a magnetic field is stronger. This means the iron is acting like a lot of small magnets increasing the magnetic field projected by the solenoid. 

	O15. How much stronger or weaker are the magnetic fields created by the open core and iron core solenoid compared to Earth's magnetic field (approx. 10-5 Tesla)?
	S15. Both the open core and iron core solenoid are stronger than Earth’s magnetic field which is why it will deflect a compass needle. In the examples given, the open core solenoid is roughly 90 times stronger where the iron core solenoid is roughly 20,000 times stronger.  

	O16. Name something that uses a solenoid.
	S16. MRI machine, roller coasters, trains, car starters, alternators, door chimes.


Product List (prices and availability will vary)
	Material
	Item #

	Source

	Price

	Amount

	Straw, Plastic, Pkg/250
	WW21924M70


	http://sciencekit.com/
	$ 2.85 


	1 package makes approximately 500 electromagnets

	
	
	
	
	

	Small Magnetic Compasses
	WW61180M12


	http://sciencekit.com/
	$ 11.95
	1 package makes 12 electromagnets

	
	
	
	
	

	Paper Clips, 
Regular


	WW65207M00
	http://sciencekit.com/
	$ 0.75
	1 package can provide for 33 groups

	
	
	
	
	

	Energizer Max D 
12-Pack Batteries
	A 250 859
	Home Depot
	$ 11.59
	1 package makes 12 electromagnet

	
	
	
	
	

	Nails Bright 
Common, 10D 3”
	A 229 253
	Home Depot
	$ 3.24
	1 package makes 68 electromagnets

	
	
	
	
	

	* Enameled Copper Magnet Wire, 18 Gauge
	WW63641M18
	http://sciencekit.com/
	$ 16.70
	1 lb makes approximately 62 electromagnets

	
	
	
	
	

	* 14 Gauge Solid 
THHN Wire
	A 589 241
	Home Depot
	$ 0.18 / foot
	3 foot per electromagnet


* Note: You only need to buy one type of wire. Home Depot or other building supplies store may be a lot more convenient but the enameled copper wire will make better electromagnets. 
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