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Introduction:

The possible dangers of fever in infants are well known.  Because an infant’s immune system is still fragile and not fully developed, the effects of seemingly minor infections are magnified in a young child.  Many infections present themselves in infants as fevers without the traditional accompanying symptoms.  In a study conducted at the Tripler Army Medical Center, Honolulu, during a one-year period, 41% of febrile infants were confirmed to have a viral infection and 15% had a confirmed bacterial infection.  Urinary Tract Infections were the most common bacterial infections, occurring in 75% of those infants with confirmed bacterial infections.  However, in the majority of the UTI cases, the infants presented only with a fever and without the usual associated pyuria (the appearance of white blood cells in urine)
. Another danger of high fever that is unique to infants is febrile convulsions.  In addition, there is preliminary evidence suggesting that, in a minority of cases, febrile seizures can possibly lead to hippocampal injury
.  

While most parents are aware of the dangers of fever in their infant, many do not know when their child’s elevated body temperature calls for no action, a dose of Tylenol, or a trip to the emergency room.  Thus, many parents might find helpful a device that would constantly monitor their infant’s temperature and alert them as to the medical danger associated with that temperature.  Furthermore, because febrile seizures are correlated with a sharp increase in body temperature, it is imperative for parents to have a device that can alert parents to a rapidly rising temperature.

An Electronic Temperature Monitor (ETM) that meets the aforementioned needs can be created using a window comparator circuit containing a thermistor.  By using a window comparator circuit, parents can see that their infant’s temperature is a) normal, b) slightly elevated, or c) critical. Thus, the device can serve as a guide to parents as to what action to take to remedy their sick child.

However, in order for this device to be an effective consumer product, it must meet certain criteria.  First, the ETM must be portable and function on a readily available power source such as a 9v battery.  Secondly, since it is a continuous monitoring device, the circuit must not drift, as drift will affect the accuracy of the determined temperatures and thus the accuracy of the device.  Thirdly, since the ETM would theoretically be attached to the underarm of the infant, there is possible exposure to the air in the room.  Thus, the device should not be affected by fluctuations in ambient temperature.  Finally, the rooms of most infants are equipped with several electronic devices that could produce error-causing electronic noise.  Such noise should not adversely affect the accuracy of the ETM.

Procedures and Materials:

The first part of the procedure focused on building the circuit and creating a calibration curve for the thermistor. [image: image2.png]


 A circuit similar to Figure 1 was assembled on a portable breadboard. Two 741 voltage comparator chips compared three voltages, two supplied through the potentiometers and one voltage generated by the thermistor connected to a voltage divider. The potentiometers were set based on the voltages observed by the thermistor circuit at boundary temperature range of 36.89- 39.44oC creating a window. The indicator LEDs of different colors alerted the user to the experimental voltages as it compared to the boundary voltages. Two 1N914 diodes prevented backflow and false positives in the circuit. A Q1 2N2222 transistor was used as a switch that controlled the current flow through LED2. The voltage was supplied by a 9 Volt battery. This coupled with resistors limited the amount of current flow to about 1-10 mA through the elements of the circuit: transistor, diodes, and thermistor. A common ground was used.  


In order to create the calibration curve for the thermistor, a water bath was utilized to vary temperature ranges from 95 to 106 degrees Fahrenheit. A latex glove with a thermometer and a thermistor attached to the inside of the glove by an adhesive band was placed into a water bath. The latex glove was used to simulate dry mediums, like the skin. Temperature readings from the thermometer were recorded with the accompanying voltage readings from the DMM. Based on the Steinhart-Hart equation, a calibration curve was created on Excel of 1/temperature in Kelvin vs. ln(Voltage). It was assumed that the cubed factor in the Steinhart-Hart equation would not affect the linearity of the graph in this narrow temperature range. A linear regression line was fit to the data using the trend line function.  A 95 percent confidence interval was determined for the slope and y-intercept values of the equation of the regression line.  This calibration curve determined the exact voltage settings of the potentiometers to give the green “healthy,” yellow “caution,” and red “alert” regions of the device. The device was shown to work by using known temperatures that correspond to a given temperature range.  

The second part of the procedure included testing for various sources of error in the electronic temperature monitor.  The hypothesis that outside temperatures would not affect the readings of the thermistor was tested. The thermistor was attached to a subject in the underarm by an adhesive bandage. This was done to reduce the affects of outside temperatures and increase contact of the thermistor to the body. Twenty separate readings were taken from the DMM under normal room temperature. Then two more sets of twenty readings were taken from the DMM under cooler and warmer temperatures. Cooler ambient temperatures were induced by blowing a fan over ice and a warmer ambient temperature was created by using a hair dryer half a meter away from the thermistor to blow warm air over the thermistor. A t-test with 95 percent confidence interval was utilized to test the hypothesis of whether the outside temperature significantly changes the thermistor readings of body temperature.


For this device to function properly, drift must not occur over the recommended usage time. This device was intended to monitor temperatures within the calibration range (95-105 degrees Fahrenheit) for no greater than 24 continuous hours. The drift experiment was started 15 minutes after the thermistor started recording constant room temperature. The sampling rate was one measurement per five minutes in order to be able to observe a trend in drift. A functional device would show no statistical change or drift in temperature over a 24 hour period.  


Noise was another factor that would change the accuracy of thermistor readings.  The effects of electronic noise on the circuit were examined using the Virtual Oscilloscope.  


Results

In order to determine whether the thermistor inserted into the aforementioned window comparator circuit would function with the necessary accuracy and precision of a commercial electronic temperature monitor, specific characteristics of the device were tested.  These characteristics included the calibration of the device, effects of ambient temperature, movement, noise, and drift.  All tests performed on the human body were performed on the same subject to ensure consistency.   

Portability

The circuit was successfully built on a small breadboard.  
Calibration

	Table 1—Calibration Curves

	Curve
	Equation
	Comments

	A
	1/Tk=(.000565 +/- .000239)Ln(V) + (.003954 +/- .00313)
	Thermistor only

	B
	1/Tk=(.000538+/-.000043)Ln (v) + .003001 +/- 1.7E-5
	Repeat thermistor only

	C
	1/Tk=(.000427+/-3.35E-5) + (.002944+/-2.15E-5)
	calibration of full circuit



Several calibration curves were obtained for the thermistor, each demonstrating a different relationship between Tk and V (Table 1).
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The calibration curve (Graph 1) for the thermistor attached to the comparator circuit was determined to be 1/Tk=(.000427+/-3.35E-5)Ln(v) + (.002944+/-2.15E-5).  

From the calibration curve, the voltage window for the window comparator circuit was determined to be 1.82-1.94 V.  It was verified that the green light in the circuit lit up for voltages above 1.94 V (36.89 oC), the yellow light lit for voltages within the window, and the red light lit for voltages below 1.82 V (39.44oC).

Environmental Conditions
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When the thermistor was placed in the subject’s underarm with the arm pressed against the side of the body (control conditions), the temperature averaged to 36.28 ± 0.0 oC with a 95% CI range of 36.28-38.28 oC after 10 minutes. It was noted that before 10 minutes, the voltage readings were not consistent, fluctuating around 35.49 ±0.6 oC. When the thermistor was exposed to varying environmental conditions by lifting the arm at a constant angle, the voltage readings and thus the temperature readings were not consistent with those under control conditions (Table 1).  

Exposure to room temperature air decreased the mean temperature.  Exposure to heat via hair dryer also decreased mean temperature. However, in comparison to exposure to cold air via the cold setting on the hair dryer blown over ice, the temperature reading was higher (Graph 3).

Movement

When the thermistor was attached under the subject’s moving arm under normal room temperature, the mean body temperature recorded decreased as compared to the control (Table 1). It also decreased as compared to the determined body temperature when the arm remained still at an angle in room temperature air. 

Noise


Electrical noise was measured at 65 Hz with an amplitude of 3-4 mV.  Taking the effects of noise into account, the temperature window was actually 36.97-39.54 oC, an insignificant difference of .23% from the theoretical calculation without noise. 
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Drift


The thermistor in the window comparator circuit demonstrated drift over a period of 95 minutes (Graph 4).  After the initial adjustment period of about 15 minutes the drift was determined to be -.0043 ±.003 oC/min.  
Discussion

Calibration Curve A was created in order to identify the exact linear relationship between temperature and voltage specific to the thermistor used in the ETM.  However, upon repetition of the calibration, the Calibration Curve B was not consistent with Curve A (Table 1).  Both Curves A and B were obtained using the thermistor circuit alone.  The experiments varying environmental factors and movement were also conducted using the thermistor circuit alone.  Since the same voltage regulator and voltage divider circuit were used in the thermistor circuit and in the full comparator circuit, the calibration curves for the thermistor circuit alone and the full comparator circuit should theoretically have been equivalent.  However, Curve C, the calibration for the full circuit, was not equivalent to either Curve A or B.  Several factors could have contributed to this disparity.   Since Curves A and B—generated from data collected under identical conditions—were not equivalent, there was obviously a variable that was not appropriately controlled or an inherent flaw in the thermistor itself.  Though the water bath included a stirrer, a variation in the temperature of the water could still have existed.  Thus, a likely uncontrolled variable was the exact position of the both the thermistor and thermometer in the water bath which a) were not in identical locations in the water bath and b) might have changed slightly between the creation of Curves A and B and might have been in a different location all together during the creation of Curve C.  Another source of the inconsistency between curves could be the accuracy of the thermometer itself which is +/- 0.5 degrees.  However, a 0.5 degree error could be very significant when attempting to calibrate a device in a six degree range.  The possible effects of the inconsistency in calibration curves upon the accuracy of the ETM will be discussed later in the context of other results.  

During calibration testing, it was observed that the thermistor required an “adjustment period” before it could give an accurate and precise reading. It is suspected that the thermistor required a minimum of ten minutes to reach a stable state with minimal fluctuations in temperature readings.  Since data had not yet been obtained for drift, the 10 minute period was chosen to maintain consistency in the experiments.  For consumer usage purposes, it should be noted that the monitor required a 10 minute period of “warm-up” time before the device is accurate.   
A series of tests were conducted by varying environmental temperature to detect effects on thermistor readings. It was expected that these readings would not differ significantly from the control condition which attempted to simulate the usage of the thermistor under normal room temperature and in direct contact with the skin.  

After comparing the 95% CI of each environmental variable with that of the control, each variable was found to have a significant effect on the ETM.  Mean temperature decreased when exposed to the room temperature air—cooler than skin temp—indicating that possibly better insulation of the thermistor is needed.  After exposure to cold air via a hair dryer (cold shot) blowing over ice, the mean temp demonstrated a nearly 10 oC decrease from the control value, though there was a high standard deviation, verifying the need for improved insulation.  When using the heat setting of the hair dryer to increase surrounding room temperature, the thermistor again showed a mean temperature lower than that of the control as well as that of room temperature.  This result seemed illogical since, based on the first two environmental variables, it was expected that the thermistor would produce a mean temperature higher than that of room temperature, if not body temperature.


There are two possible explanations for this inconsistency.  The first is the possible effects of the movement of air over the thermistor.  Graph 3, re-inserted for ease of reference, shows the data points for each of the environmental variables.  Both the control and the room temperature curves—neither of which were exposed to any air flow—reached a constant temperature with minimal, if any, fluctuation.  However, the cold and heat curves did not reach a stable value.  Instead, they demonstrated great fluctuations represented by the relatively large standard deviations (1.46 oC and .7 oC respectively) associated with the mean temperatures.  Since the thermistor was also exposed to movement of air while being exposed to these three variables, one possible explanation for the unexpected data is that movement of air affects the accuracy of the thermistor.

The large standard deviations could be attributed to experimental error of the dryer.  Since the dryer was held by a group member, it was not aimed at the same spot on the subject’s arm consistently.  Also, the dryer may not have been giving a constant airflow.  Due to these two inconsistencies, the amount of air flow the thermistor was exposed to could have varied during the experiment.  Another source of error could have been movements of the subject over the duration of the experiment, thus altering air flows and the contact of the thermistor with surrounding air.  For the cooled air experiment, the melting of ice over time could have affected the results.


A second explanation for the unexpected data was the inconsistency in calibration curves.  Since Curve A and B were not equivalent, there existed a possibility that Curve B, which was used to generate the temperature values during experimentation, did not represent the actual relationship between temperature and voltage at the time of experimentation.  Thus, to further analyze the fluctuations and inconsistency in the results, the data was re-analyzed using Curve A.  While it was expected that the temperature values generated from Curve A would differ modestly, the actual values were very different.  When the Curve B was used, the temperatures in the presence of varying environmental conditions ranged from 25 to 37 oC (graph 3).  However, when the Curve A was used, the temperatures ranged from -35 to -42 oC, a 268% difference for the minimum and a 195% difference for the maximum temperatures.  Thus, from the re-analysis, it was concluded that the inconsistencies among calibration curves did, indeed, adversely affect the accuracy of the temperatures detected by the ETM and could have been a factor causing the unexpected data.    


In addition to the effects of environmental variables, the effect of movement by the subject on the accuracy of the thermistor was also tested.  Since there is a high probability that a child will move the arm that the device is attached to, it was important to determine whether movement would affect the proper functioning of the ETM.  Comparing the 95% confidence intervals of the movement data with the control, the body temperature readings measured during movement under normal room temperatures were found to be significantly different from the control.  During movement, the thermistor was exposed to outside temperatures that were lower than those of the body due to poor insulation. Because movement significantly changed the readings of the thermistor, the current design of the ETM must be revised before consumer use. 

Electrical noise did not affect the readings of the thermistor.  The percent difference between the desired window and the actual temperature window taking into account the effect of noise was 0.23% and therefore was not a statistically significant difference.

After an adjustment period of the first fifteen minutes of use the thermistor experienced a drift of -.0043 oC/min.  Although this may seem small, it could become problematic with the extended use for which this monitor is intended.  After 12 hours of continuous use, the extrapolated drift would be (calculated using 705 minutes at -.0043 oC/min) -3.0315 oC/min.  After 24 hours, the drift would be -6.1275 oC/min.  Since the entire temperature window for a mild fever is only 2.6 oC, this large amount of drift would make the Electronic Temperature Monitor unusable for fever detection.  However, this amount of drift could be due to the water temperature itself changing.  The estimated room temperature water was set out approximately 4 hours before the drift testing began, so it is assumed that the temperature had reached a constant level.  It is possible that the room temperature, and therefore the water temperature, changed slightly during the testing period.  In order to avoid this problem, the temperature was measured along with the voltage readings.  Although no change was observed on the mercury thermometer, it could only be read to every half degree.  Since all of the significant drift measurements are within a .5 degree window, it is possible that the temperature did actually change and this resulted in the measured drift.

Based on the results of the various tests performed on the ETM, it can be concluded that the device is not yet ready for consumer use.  The information gathered during the experiment made evident both device design and experimental flaws.  Further rounds of testing with adjustment for the errors could minimize their effects and result in a better product.  


The first problem to be addressed is the variation of the recorded temperature when exposed to warm and cold air and during movement.  The fact that the device could be exposed to these conditions when attached to an infant makes this a significant problem.  To reduce this problem in the next round of testing, the thermistor could be well insulated on the side facing away from the skin and more exposed on the side attached to the skin.  This could be achieved by attaching insulating foam to the outside of the bandage.  It would result in the outside factors having less of an affect on the device and thus the device would give more consistent temperature readings.  However, the device would also take longer to stabilize and a new calibration curve would have to be established. 


Given another round of testing, the drift would be examined more closely.  To test the hypothesis that drift is insignificant, the device would be left running for 24 hours with data recorded every hour.  If the temperature remained within the .5 degree range of the mercury thermometer, the drift could be considered insignificant.  Also more care would be taken to make sure that the thermistor and mercury thermometer are adjacent during this measurement.


During the final phase of development, the device would be taken off of the breadboard, condensed, and soldered together.  Larger components (such as the LEDs) would be replaced with smaller counterparts.  The device would have a goal diameter of about one inch and would be encased in plastic to prevent damage to the internal components.  
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Table 2--Data from Environmental Exposures�
�
Condition�
Mean Temp oC�
Std Dev oC�
95% CI Low  oC�
95% CI Hi oC�
�
Control�
36.28�
0.00�
36.28�
36.28�
�
Room Temperature�
35.39�
0.16�
35.27�
35.51�
�
Heat�
33.30�
0.70�
32.77�
33.83�
�
Cold�
26.76�
1.46�
25.65�
27.86�
�
Movement�
31.63�
0.30�
31.40�
31.86�
�
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