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Introduction and Theory 
 
Newton’s Second Law of motion can be summarized by the following equation: 
                                                      a=∑F                                                                             (1) 
m
 
where Σ F represents a net external force acting on an object, m is the mass of the object moving under the influence of Σ F, and a is the acceleration of that object produced by Σ F . The bold letters in the equation represent vector quantities. 
 
In this lab we will try to validate this law by applying equation (1) to the motion of a cart moving along a track when a constant force T (tension in the string) acts upon it. The position of the cart can be recorded as a function of time by a motion sensor located close to the left end of the track.  
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Figure 1. The experimental setup for Newton’s Second Law lab. Force diagram for a cart moving  away from the motion sensor.  
In general, neither the surface of the track nor the cart is frictionless so it is necessary to include in the analysis the force of kinetic friction, f, experienced by the moving cart. When the cart is moving on a horizontal track away from the motion detector (positive xdirection in the Figure 1.) for each of the moving bodies, m and M, Newton’s Second Law will be satisfied according to the following equations: 
 
                                                    T1 – f = M a1                                                                        (2) 
And 
                                                  T1 – m g = - m a1                                                                   (3) 
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Figure 2. The experimental setup for Newton’s Second Law lab. Force diagram for a cart moving toward to the motion sensor.  
 
When the cart M is forced to move on a horizontal track towards the motion detector (negative x direction in the Figure 1) by being given a negative initial velocity, the corresponding Newton’s Second Law equations will change as follows: 
 
                                                    T2 + f = M a2                                                                       (4) 
And 
                                                   T2 – m g = - m a2.                                                                 (5) 
 
   
Note that in equations 2, 3, 4 and 5 the direction of acceleration a1 and a2 (represented by vector a in the Figure 1) has been chosen the same as the direction of the net force. The system of equations (2) –(5) can be solved for gravitational acceleration:  
 
(M+m) 	 	                                        (6) g=aaver
m
  
Making the cart moving toward and away from the motion sensor allows canceling the effect of the kinetic friction (f) on the value of g. The value of average acceleration will be found as:  
 
 
	 aaver =[image: ]  	 	 	 	 	(7) 
where a1 is a magnitude of a cart’s acceleration toward to the motion sensor. It equals to the slope of velocity time graph produced when the cart moves toward to the motion sensor. a2 is a magnitude of a cart’s acceleration away from the motion sensor. It equals to the slope of velocity time graph produced when the cart moves away from the motion sensor. Equation (2) and (4) allows to see that net force is greater when the cart moves toward to the motion sensor then the one acting on the cart when it moves away because the direction of kinetic friction force got changed.  
In this lab you are expected to complete three separate experiments using the VirtualPhysics Labs environment. 
The first one will involve 5 runs on a horizontal track during which the total mass of the moving system is kept constant but the net applied force (hence the acceleration) varies from run to run. The objective will be to verify the linear relationship between acceleration and force by finding the unknown mass of the moving system and compare it with the expected value.  
In the second experiment you will determine the acceleration due to gravity.  A loaded cart experiencing friction will be moving on a horizontal track in two opposite directions while acted on by a tension force coming from a hanging mass. The mass of the cart will stay constant. The correct value of gravitational acceleration calculated from your average acceleration data recorded for 2 different hanging masses should confirm the Newton’s Second Law. 
In the last exercise you will use a frictionless but tilted track and analyze the motion of a cart moving along such a track in order to determine the angle at which the cart will stay still for a given hanging mass. 
 
Objectives: 
 
 Demonstrate that the acceleration is proportional to the applied force and determine the mass of the system; 
 	Validate the Newton’s Second Law by measuring the gravitational acceleration;  	 Find the condition for keeping the system motionless on a tilted track. 
 
Equipment: 
 
VirtualPhysicsLabs environment: dynamics track, a cart, pulley, mass hanger, set of masses, ultrasonic motion sensor recording the position of the cart as function of time; Logger Pro software. 
 
Procedure: 
 
Go to the simulation website: http://virtuallabs.ket.org/physics/ and Log in. Click tab “Labs”. Click on “Dynamics Track” page. If necessary review Dynamic Track -User’s Guide located at the bottom of the page - Support.   
 
PART 1. Horizontal, frictionless track and a moving system of constant mass 
 
Make sure the track is level (press the “Set θ = 0°” button), the “wheels” option is selected and the “Recoil” coefficient is set to 0. Click the “Brakes Off” button to engage the brakes to hold the cart in place. Drag the cart all the way to the left end of the track, next to the motion sensor. 
 
                 
[image: ] 
 
                                            Figure 3. Simulation set-up for Part 1 
 
Load the cart with the following masses: 2x200 grams, 100 grams and 5x10 grams. If you are not sure and need to check how much mass you have put on the cart, use the Zoom In feature available in the simulation – right-click on the object you want to magnify, can be repeated multiple times. You can also read the mass of the cart and additional masses of the cart in the informational box located at the left lower corner. 
 
Attach the string to the cart and run it over the right pulley. Next, hang a 50-gram mass hanger from the free end of the string.  
The maximum time shown in the graph window, “Tmax”, should be set to 10 seconds. 
 
Your experimental set-up is now ready for the first run (see Figure 2). Click the motion detector and turn off the brake. The system (cart + load + hanger) moves towards right with some constant acceleration. When the cart reaches the end of the track, stop the recording by clicking again the motion sensor and turn the brakes on.  
 
 
Open Logger Pro software. In the virtual lab click “Copy the data to clipboard” and paste it into Logger Pro (CTRL+V). 
Label the columns (double click) in the data table appropriately and include correct units. Also, label the entire data set, for example given the name by the mass of the hanger (“50 grams”).   
 
Hint: double click on Data Set to label it.  
 
Double left - click on the graph window and check mark the Point Protectors box while deselecting the Connect Points option. In the Axes Options menu choose Autoscale for both Y-Axis and X-Axis. 
If the experimental system was moving with constant acceleration, the position vs. time data representing the system in motion should follow a quadratic function of form:  
 x = x0 + v0t + ½ at2,   	 	 	 	 	(8) 
 
Or in general: y = Ax2 + Bx + C. 
 
On the graph highlight the part of data corresponding to the moving cart and fit this curve with quadratic function.  
To continue the experiment, go back to the Dynamic Track lab page. Move the cart (with the brakes on) all the way to the left end of track. Click the “Remove Top Mass” button decreasing this way the load on the cart by 10 grams and making it equal 540 grams. Since we want to keep the total mass of the moving system constant, after decreasing the mass of the load on the cart by 10 grams, we must add that 10 grams onto the hanger.  
For the new mass distribution collect the position vs. time data in the same fashion as you did it in the first run. When the second run is completed, copy the data to the clipboard and paste it into the same Logger Pro file but as a new Data Set.  
 
Hint: Data- New Data Set.  
 
The appropriate name for the second data set of data will be “60 grams” indicating how much mass is hanging from the string. Display the second data set in the same graph window along with the first run → click on the vertical axis label and then choose “More”; open the “60 grams” data set and check the position data. You should see a second set of points being added to the existing display.  
With the cursor select (highlight) on the graph the part of the second data set representing the moving cart, and fit this data with quadratic function. Acquire three more runs, each time “transferring” another 10 grams from the cart’s load onto the hanger. After copying all the data sets to Logger Pro, you should end up with a single graph window showing 5 curves fitted to quadratic equation. See the example shown in Figure 3. 
 
Maximize the graph window. Use the Print Screen function to capture the screen and paste it into a MS Word document. For your convenience before pasting choose the landscape orientation in the Word document. Save this file for your records – you will have to attach it to the lab report. 
 
[image: ] 
 
                    Figure 3. A sample data file 1 in Logger Pro 
 
From five recorded runs extract the accelerations values. Complete Table 1 in the provided Experimental worksheet.  Then open a new file in Logger Pro and enter five pairs of data: the hanging mass (including the mass of the 50-gram hanger) and the corresponding measured acceleration of the moving system. Remember to use the correct units for each physics quantity.  
Next add new calculated column to find the net force acting on the cart, which equals to the force of gravity:  
 
	Fg = mhanger*g       	 	 	 	 	 	(9) 
 
(Hint: Data – New Calculated column – equation (9)) 
 
Remember to include units! Mass should be expressed in kilograms. 
Plot acceleration (dependent variable, Y-axis) vs. force (independent variable, X-axis) and apply the linear fit. Use the slope value to calculate the experimental mass of the moving system (cart + load + hanger). Use uncertainty in the slope to calculate the uncertainty in the mass of the system.  
Finally calculate the percent discrepancy between your experimental value of system’s mass (determined from the slope) and its expected (theoretical) value of the mass. The theoretical value for the mass of the cart can be found as the sum of masses: cart + load + hanger.  
Capture the screen with the table and the linear fit graph and paste it into an MS Word document (landscape page layout preferred) – you will have to attach this file to your lab report.  
 
 
 
 
 
PART 2. Two-way motion with friction on a horizontal track   
 
Make sure the track is level (press “Set θ = 0”), the brakes are on and the “Recoil” coefficient is set to 0. Click the “wheels” option and enter the initial velocity v0 = - 200 cm/s; the negative initial velocity means it is directed towards the motion sensor. Click the “friction pad” option and select as follows: µK = 0.06, µS  = 0.07, µKS? = 0. First click “Remove Masses” button emptying the cart after the previous run. Then load the cart with 500 grams (2x200 grams, 1x100 grams). 
In the right lower corner of the simulation window navigate cursor to the rectangular symbol H (standing for hanger) and click “Remove Masses” option. Then add 20 grams mass to the empty hanger. 
The maximum time shown in the graph window,” Tmax”, should be set to 10 seconds. 
Position the loaded cart at the right end of track (close to the right pulley). Figure 2.  
[image: ] 
 
Figure 2. Part 2. Experimental set up  
 
The experimental set-up is now ready for the first run. Click the motion detector and then press the “Go →” button in front of the v0. Acquire data as the cart first moves towards the motion detector and then goes back in the opposite direction. When the cart reaches the right end of the track, stop the recording by clicking the motion sensor again. Turn on the brakes.  
 
Open Logger Pro software. In the “Settings for Untitled…” (in the “File” menu) choose 3 points for the Derivative Calculations.  
 
In the virtual lab click “Copy the data to clipboard” and paste it into Logger Pro (CTRL+V). Label the columns appropriately in the data table and include correct units. The first column should display the time values. Label the Data Set with number indicating the hanging mass, for example for run #1 it is just “70 grams”.  
In this part of the lab you will determine the acceleration of the system from a slope of the linear fit applied to the velocity data. Create New Calculated Column (in the pull down “Data” menu) for velocity – select Functions → calculus → derivative of the “position” data. It should be chosen from the Variables.  
Add the velocity vs. time plot to the graph of position vs. time → click on the vertical axis label and then choose “More”; next mark off the box corresponding to “velocity” while keeping the “position” box marked as well. An example of the Logger Pro file expected for this part is shown in Figure 5. 
The velocity plot should have two segments with distinctly different steepness. Apply linear fit separately to each segment. Remember to double click on the linear fit window to display uncertainties in the slopes.  
In Table 2 of the provided experimental worksheet record the acceleration of the system when the cart was moving to the left (towards the motion sensor) as a2, keep 3 decimal places. Record the acceleration of the system when the cart was moving to the right (away from the motion sensor) as a1, keep 3 decimal places.  
In the Discussion section explain why the values of acceleration 1 and 2 are different. (Refer to the Introduction and Theory section for an explanation). Why are both slopes positive even the cart was moving in two opposite directions? Why are both slopes positive even though in one direction the cart was slowing down and in the other direction it was speeding up?  
Make two more runs repeating all the steps from run one but after adding another 20 g and then 30 grams mass to the hanger (making the total hanging mass = 90 grams and then 120 grams).  
In the virtual lab click “Copy data” for run 2 to paste it into the Logger Pro file used in run one. Simply add the new data of run two as a new data set. Insert new graph window to present both the position and the velocity data for run two. The velocity plot should also have two segments with distinctly different steepness. Apply linear fit separately to each segment. Remember to double click on the linear fit window to display uncertainties in the slopes.  Then in the virtual lab click “Copy data” for run 3 to paste it into the Logger Pro file used in run one and two. Simply add the new data of run three as a new data set. Insert new graph window to present both the position and the velocity data for run three. Apply linear fit separately to each segment of the velocity time graph. In Table 2 record a1 and a2 for run 2 and 3.  
From two values a1 and a2 calculate the average acceleration for the each run – equation (7).  In Logger Pro create new calculated column “g” – gravitational acceleration - to find the acceleration due to gravity using equation (6).  Create g vs g graph and apply statistics to find the mean value of gravitational acceleration for the 3 runs and the standard deviation. How does your experimental “g” compare to the expected 9.81 m/s2? Calculate the percent discrepancy. 
 
In Data Analysis section of your lab report derive equation (6) using system of equations (2)-
(5).  
Use the Print Screen function to capture the screen with your Logger Pro file and paste it into a MS Word document. For convenience before pasting choose the landscape orientation in the Word document. Save this file for your records, you will have to attach it to the lab report. 
 
 
[image: ]  
 
                                    Figure 5. A sample data file in Logger Pro 
 
PART 3. Cart on frictionless tilted track 
 
This part of the lab is mostly analytical. Consider a 250-gram cart loaded with additional 250 grams (for a total mass of 500 grams) sitting on a frictionless track and having zero initial velocity. A string passed over a pulley attached to one end of the track connects the cart with a vertical 50-gram mass hanger. If you arrange this situation in the VirtualLabs environment and keep the track horizontal, you will notice that the cart-hanger system is moving with some constant acceleration. Your objective is to apply the Newton’s Second Law of motion in order to calculate to what angle (let’s call it “critical”) should the track be tilted (made into an incline) to prevent the cart from moving in either direction. In the the experimental worksheet include the free body diagrams for the cart on the tilted track and the hanger, derive the equation for the “critical” angle and calculate its value. Next check your solution with the simulation. Were you able to make the cart still? Explain. Assume the error in the 
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angle is 0.5 °. How does this error affect the behavior of the cart? What acceleration would the system have as a result of 0.5 ° discrepancy in the tilt from the “critical” angle.  
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