R1            Window Comparator for the Exercise Apparatus         
  Final Report

ANGGONO,DANIEL;CHAU, TUNG T;GOKHIN, DAVID; KEANE, MEGAN P;NGUYEN DUC, THANH TRAN; PLEVY, JAMIE

INTRODUCTION:

The objective of the project was to recreate the effect of LegStrength.vi, but this time without the aid of any special virtual instruments.   Namely, a circuit was built that functioned as a window comparator and then it was used to measure the number of times that an exercise device attached to an individual’s arm moved through its range of motion in a fixed amount of time.  The variables that were measured are the effect of exercise before arm extension and the effect of dominant vs. non-dominant sides (namely, right vs. left hands in a right-handed individual).  Specifically, two hypotheses were tested: (1) It is expected that the number of full arm extensions through the voltage “window” in 1 minute will increase immediately after exercise has been done with an added weight.  The null hypothesis is: “There is no difference in the number of arm extensions before and after exercise is done with an added weight.”  (2) It is expected that the number of full arm extensions through the voltage “window” in 1 minute will be higher on the dominant side.  The null hypothesis is: “There is no difference in amount of work performed by the arm in 1 minute between the dominant and non-dominant sides.”  
When a voltage comparator was first utilized in Experiment 3, it was observed that the software called LegStrength.vi caused an LED to light whenever the voltage across a potentiometer was between two specified input voltages, namely a high reference voltage and a low reference voltage.  Such a device is known as a window comparator, because it responds to voltages within a predefined range, or “window.”  Window comparators are useful in any situation such that a voltage being monitored must remain within predefined limits.  For example, it may be crucial that a temperature remain within an interval conducive for the growth of tissue culture, or that the brightness of a reading lamp is high enough to be useful but not so high as to be a nuisance.  In the situation being investigated in this lab, the window comparator was used to monitor the movement of an exercise device as the arm is extended through its range of motion.  The start- and endpoints of the motion corresponded to the boundaries of the voltage window.  With a device that can indicate a range of motion, it was also be possible to study the effect of exhaustion and side-dominance on performance.

This exercise device is similar to a range-of-motion goniometer which alerts the user with an LED when the proscribed boundaries of motion are reached.  These devices are commonly used in physical therapy and rehabilitation.  They also have applications in athletic training and performance assessment.  For example, the Guymon Goniometer eliminates the need to manually store each measurement collected by the device. By storing the information internally, it reduces evaluation time. Scores can be recalled later or can be loaded directly into a computer through the use of serial port computer interface and software.
  Also, the Universal Inclinometer is comparable to the goniometer for quick and easy upper and lower extremity range of motion measurements because it is easily adjusted at the initial position so the final reading is the range of motion.

MATERIALS AND METHODS:
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The most important components of a window comparator are 2  LM741C operational amplifiers used as voltage comparators.  The chip on top (an inverted Op-Amp) compares the high reference voltage to the input voltage from the exercise device, while the other chip (a non-inverted Op-Amp) compares the low reference voltage to the input voltage from the exercise device (Figure 1).  A non-inverted voltage comparator functions on the rule that if the input voltage is less than the reference voltage, the comparator passes a positive supply voltage.  Similarly, an inverted voltage comparator functions on the rule that if the input voltage is greater than the reference voltage, the comparator passes a positive supply voltage.  When an inverted comparator and a non-inverted comparator are aligned in tandem as in Figure 1, there will be a positive output voltage only if the input voltage is between the two reference voltages.  Also, the presence of diodes in front of each comparator ensures that current passes to the output only if positive supply voltages come from both comparators.  They also prevent the backflow of current through the circuit.
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As a whole, the circuit consisted of a three-sided Wheatstone bridge attached to a window comparator (Figure 2).  The input voltage (R2) was generated by the potentiometer on the exercise device.  To the right of the window comparator there were three LEDs.  LED1 lights when the input voltage from the exercise device was above the high reference voltage (R1).  LED3 lights when the input voltage was below the low reference voltage (R3).  LED2 lights when the input voltage falls in between the two reference voltages.  The high reference voltage and low reference voltage was calibrated by letting R1 and R3 be potentiometers, whose resistances are the equal to the resistance of the exercise apparatus at high and low [image: image3.png]FIG 3




angles, respectively. The exercise device was composed of two flat plastic panels jointed by a potentiometer (Figure 3).  The angle formed by the two panels determined the resistance of the potentiometer.  The exercise device was attached to the dorsal side of an individual’s shoulder and upper arm.  

For the first experiment, five individuals lifted their arms through the entire voltage “window” as many times as they can in 1 minute with no weight, then for 1 minute with a 5 lb weight, and then again for 1 minute with no weight.  This trial was repeated 3 times for each individual, and the results were averaged.  Then, a paired t-test was performed to see if there is any significant difference between frequency of extension before and after a strenuous exercise.  In this situation, a paired t-test is a more desirable form of data comparison than a standard t-test because the population is not uniform; rather, the crucial statistic is the amount of increase or decrease among individual members.

Another experiment was conducted with no weight, a 5 lb weight, and a 10 lb weight, and performance was compared between right and left sides.  All the participants are right-handed; therefore, the dominant side was consistently the right side and the non-dominant side was the left, thereby eliminating handedness as a variable.  The work done by the arm was calculated by the formula TotalWork=W*Δhcg*(1-cosθ)*f, where W is the weight of the arm (including the weight, if any), Δhcg is the increase in height of the center of gravity of the arm, θ is the angle between the high and low positions of the exercise device, and f is the frequency of arm extension performed in one minute.  Five subjects repeated this experiment 3 times, and the results were averaged.  A paired t-test was used in this experiment as well to test for significant increase or decrease in the amount of work performed as a result of added weight.  

Before any measurements were taken with the window comparator, the Selected Body Dimensions software was used to obtain weight parameters of the group members’ arms.  In order to find these parameters, the weight of each individual was located on a percentile scale, with the general human population as a reference.  The group members demonstrate a wide variety of sizes, representing human extremes.  Furthermore, to calculate the center of mass of the arm it must be considered that the center of mass of the arm shifts away from the body as more weights are held by the individual.  As a result, it was assumed that the center of gravity is 45% the length of the arm with no added weight. 
  Using a formula from Newtonian physics to calculate the center of mass of a discrete extended body, it was calculated that the center of mass shifted to 66% the length of the arm with a 5 lb weight, and 76% the length of the arm with a 10 lb weight, from the proximal end.  These assumptions of location of center of gravity and proportion of arm weight related to body weight hold a certain degree of error based on physical difference between individuals. However, the error associated with this phenomenon does not affect the analysis because the paired t-test compares each individual to oneself, not to the others in the group. 

RESULTS:

In collecting data, first the anatomical parameters of the group members were calculated using formulae from physics and assumptions from the Selected Body Dimensions software.  Afterwards the experiments were conducted and paired t-tests were performed to check the validity of the hypotheses.  Finally, the window of the exercise device was reexamined in order to locate errors that result from poor calibration.

The anatomical parameters of the group members represent a wide variety of body shapes, ranging from the shortest individual (Daniel) to the tallest (David).  The centers of mass of the individuals’ arms were calculated using the formula Xcm=(ΣXW)/(ΣW), and all distances are measured relative to the shoulder joint (Table 1).

	TABLE 1
	JAMIE
	MEGAN
	DAVID
	DANIEL
	TOMMY

	total weight (N)
	666.67
	644.44
	800.00
	555.56
	755.56

	upper arm weight (N)
	13.07
	12.58
	21.47
	16.36
	20.18

	lower arm weight (N)
	14.31
	13.87
	23.38
	18.58
	22.22

	total arm weight (N)
	27.38
	26.44
	44.84
	34.93
	42.40

	arm length (m)
	0.72
	0.72
	0.78
	0.71
	0.73

	center of mass with no added weight(m)
	0.32
	0.32
	0.35
	0.32
	0.33

	center of mass with 5lb added weight(m)
	0.50
	0.50
	0.49
	0.47
	0.47

	center of mass with 10lb added weight(m)
	0.57
	0.57
	0.56
	0.54
	0.53
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Results show that the resistance of the exercise device is well correlated with the angle of rotation, governed by the equation resistance = 0.0443angle - 0.7577, where the resistance is measured in kOhm and the angle in degrees (Figure 4).  The resistance of the device for angles less than 20° is a constant negligible value of approximately 0.01kOhm, and the regression does not account for it.

In order to define the voltage window, the arm was held straight and perpendicular to the body.  The high reference potentiometer was calibrated such that LED 1 lit when the angle of range of motion goes beyond 90°.  LED 2 lit within the range from 44° up to 90°, and LED3 lights below 44°.  This low reference angle corresponds to the lowest voltage to which the low reference potentiometer could be set.  The high reference voltage was set at 3.91 V and the low reference voltage at 0 V.  Furthermore, this window of voltages corresponds to a 46° window of motion for the arm.  
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The number of arm extensions performed in 1 minute with a 5lb weight is less than the number performed without the weight, both before and after.  For each individual the trial was run twice and the results averaged, with a 1 hour time to rest in between trials in order to recover nominal conditions of tiredness (Figure 5). The actual mean difference in number of arm extensions before and after the weight is 3.5.

Next, a paired t-test comparing the number of arm extensions before and after exercise demonstrates that there is a significant difference between the number of arm extensions performed in 1 minute before and after exercise was performed with a 5lb weight (t-statistic= 4.427>2.776, Table 2).  Therefore the first hypothesis that there is no difference in the number of arm extensions before and after exercise is done with an added weight was rejected.
	TABLE 2: t-Test: Paired Two Sample for Means

	 
	Before Weight
	After Weight

	Mean
	57.6
	61.1

	Observations
	5
	5

	Hyp. Mean Difference
	0
	 

	t Stat
	-4.427188724
	 

	P(T<=t) two-tail
	0.011446913
	 

	t Critical two-tail
	2.776450856
	 


In general, the amount of work done decreased from the 5lb to 10 lb weight, except in Tommy’s case where the work done actually increased when the weight was increased. Also, there is no consistent pattern in comparing the amount of work done between dominant and non-dominant sides.  In fact the work done by the non-dominant side with no weight was higher than the dominant side for everyone.
Paired t-tests demonstrate that the hypothesis that there is no difference in amount of work performed by the arm in 1 minute between the dominant and non-dominant sides does not have a uniform result.  Rather, the non-dominant side can perform more work in 1 minute than the dominant side when holding no weight (t-statistic=4.923>2.776).  However, while holding the 5lb (t-statistic=2.024<2.776) or the 10lb weight (t-statistic=2.020<2.776), there is no significant difference between the work performed by the arm in 1 minute between the dominant and non-dominant sides (Table 3, Table 4).

	TABLE 3
	 Weight (lbs)
	work by dominant side (J)
	work by non-dominant side (J)

	Jamie
	0
	115.03
	160.51

	 
	5
	138.41
	138.41

	 
	10
	78.06
	0

	Megan
	0
	155.00
	193.75

	 
	5
	225.59
	230.39

	 
	10
	120.50
	152.21

	David
	0
	268.35
	311.48

	 
	5
	320.64
	290.82

	 
	10
	243.80
	225.05

	Daniel
	0
	211.60
	232.08

	 
	5
	286.51
	223.48

	 
	10
	177.79
	96.30

	Tommy
	 0
	226.43
	239.25

	 
	5
	217.67
	142.85

	 
	10
	237.43
	144.15


	TABLE 4
	 
	 
	 
	 
	 
	 

	t-Test: Paired Two Sample for Means
	NO WEIGHT
	5LB WEIGHT
	10LB WEIGHT

	
	Dominant
	Nondomin.
	Dominant
	Nondomin.
	Dominant
	Nondomin.

	Mean
	195.2872
	227.4181
	237.772
	205.19
	171.5228
	123.54619

	Observations
	5
	5
	5
	5
	5
	5

	Hyp. Mean Diff
	0
	
	0
	
	0
	

	t Stat
	-4.92349
	
	2.024569
	
	2.019717
	

	P(T<=t) two-tail
	0.00791
	
	0.112909
	
	0.113534
	

	t Critical two-tail
	2.776451
	
	2.776451
	
	2.776451
	

	Table 5:  Reference Angles

	     trial
	low reference angle
	high reference angle
	difference

	1
	44
	90
	46

	2
	27
	53
	26

	3
	66
	92
	26

	4
	50
	98
	48
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The multimeter was used to measure drift and noise across the three potentiometers. There was no voltage drift over 3 minutes across all three potentiometers. Also, there was no noise measuring above 0.1 V in amplitude across all three potentiometers. The high and low reference angles of the potentiometer were measured at random intervals of time.  The reference angles and window size were found to have shifted (Table 5, Figure 6).  Furthermore, when the legs of the potentiometer had separated by 1 cm, the window range decreased by 5°.

DISCUSSION:

The major findings of this experiment were: (a) There is a significant increase in the number of arm extensions able to be performed in 1 minute by an individual after exercising the arm with a 5lb weight, (b) with no weight, the nondominant arm can perform more work via arm extensions in 1 minute than the dominant arm, but (c) with both 5lb and 10lb weights, there is no significant difference in the amount of work able to be performed by the dominant and nondominant arms via arm extensions in 1 minute.  Furthermore, the exercise device’s reference angle shift was investigated, and it was found that the window of angles had shifted from 39° to 48° (23.1%).

Sources of error were inherent in this experiment from the initial assumptions about weight distribution in the human body.  For example, the Selected Body Dimensions software suggested that Megan’s total arm weight was 26.44N, which is 4.1% of her total weight of 644.44N.  However, given that she is an athlete, the higher than average muscle mass in her arm would result in a larger percentage than expected.  If her arm were just 5% of her total weight, the arm’s weight would be 32.22N, or 21.86% greater than the weight that Selected Body Dimensions predicted.  Another anatomical assumption that possibly has error is the location of the arm’s center of gravity.  In the lab it was assumed that the center of gravity was located 45% down the arm, but Megan’s biceps are larger than average, so her center of gravity would be closer proximally, or about 40% down the arm.  This would result in her value of Δhcg decreasing from 0.32m to 0.28m, or a 14.3% decrease.  If the errors resulting from these two anatomical assumptions were compounded and all other values remained nominal, then the value of TotalWork=W*Δhcg*(1-cosθ)*f would (letting θ=46° and f=1 for demonstrative purposes) shift from 2.58J to 2.75J, an increase of 6.2%.  

The next major sources of error pertained to the performance of the exercise itself.  The exercise apparatus was taped onto the individual’s back over clothing.  This method allowed for the exercise apparatus to shift approximately 5cm during arm extension.   This is a result of loosely fitting clothing.  Ideally the individuals would not be wearing a shirt while performing the arm extensions so that the exercise apparatus would be directly on the skin.  The device also shifts rotationally on the person’s back approximately 15°, adding this amount to the total window of angles, thus changing the (1-cosθ) term of the total work equation from .31 to .52.  Thus the value of TotalWork=W*Δhcg*(1-cosθ)*f (letting W=26.44N, Δhcg=.32m, and f=1) changes from 2.58J to 4.36J (68.7%).  Therefore the effect of the exercise device shifting is very pronounced.

Due to the difficulty of performing the exercise with weights, the individuals leaned over and/or bent their arms.  Leaning over shifts the center of gravity of the entire body to a location above the individual’s feet to compensate for the added weight.    Bending the arm brings the center of gravity of the arm closer to the rest of the body thereby decreasing its change in height when the arm is extended.  For instance, if Megan’s arm were bent and the center of gravity of her arm were 25% closer proximally, her value of Δhcg would shift from 0.32m to 0.24m, resulting in a 25% decrease in the amount of work performed.  Furthermore, these behaviors make it easier for the individual to perform the exercise, thereby inflating the frequency of arm extension.  Another factor inflating the frequency was the individual holding the table for support, also making the exercise easier to perform.  The effect of these behaviors on frequency is unknown—and perhaps they are negligible—but a percent change in frequency results is a corresponding percent change in work, since the two quantities are linearly proportional to one another.

The angle correlated with a change from the low input voltage of the potentiometer to the high input voltage was first calibrated to be 46°.  After all the trials were completed, three consecutive calibrations of the exercise apparatus were performed.  However, the difference between the high and low reference voltage—the voltage window—varied from 39° to 48°.  This difference causes the (1-cosθ) term of the total work equation to vary from .22 to .33, a difference of 50% that translates directly into a 50% difference in the amount of work performed.  This variation occurs because the panels of the exercise device were not securely attached to the rotating component of the potentiometer.  Namely, one panel slid approximately 1cm back and forth along the potentiometer’s protruding pin.  Furthermore, the panels themselves were not rigid and deformed flexurally when attached to the individual’s arm.  This bending caused the panels to sandwich at the potentiometer, generating extra stress and friction there, resulting in the potentiometer’s miscalibration up to 45°, the largest difference between calibration values (calibration Trials 2 and 4).
Several limitations in the experiment prevented more complete and precise data from being taken.  First, only five individuals were examined, and each was at a different level of athletic fitness.  A study of individuals with similar body plans would be more effective.  Second, it was difficult to control whether or not the individuals were performing as fast as possible.  Clearly, psychological motivation affected the frequency of arm extension.  Related to this is the placebo effect; namely, some individuals performed better after exercise possibly because they were expecting to do so.  However, the effect of such psychological factors is nearly impossible to quantify.

Investigation in the effect of exercise and side-dominance leaves open many avenues of future research.  For instance, this experiment only considered right-handed individuals, and a more thorough study would test the effect of side-dominance in left-handed individuals as well.  Also, the test of exercise on performance can be useful in evaluating the effectiveness on physical therapy techniques.  For example, another study could measure the effect of injuries sustained in automobile or bicycle crashes.  Similarly, the effect of muscular atrophy after a prolonged period of inactivity could be examined.  Atrophy could result from illness that, in turn, results in a patient left bedridden.  At the other extreme, the effect of regular exercise can be examined.  Through such investigations, quantitative effects of lifestyle choices on arm strength can be determined.
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