Significant Figures in Measurements and Calculations: Understanding Uncertainty
OBJECTIVES:
7. Determine the amount of significant figures in measurements and in calculations.
8. Convert measurements among related SI units using dimensional analysis (unit factor method).
Every measurement has a degree of uncertainty associated with it. The uncertainty derives from the measuring device and from the skill of the person doing the measuring. 

Let's use volume measurement as an example. Say you are in a chemistry lab and need 7 mL of water. You could take an unmarked coffee cup and add water until you think you have about 7 milliliters. In this case, the majority of the measurement error is associated with the skill of the person doing the measuring. You could use a beaker, marked in 5 mL increments. With the beaker, you could easily obtain a volume between 5 and 10 mL, probably close to 7 mL, give or take 1 mL. If you used a pipette marked to with 0.1 mL, you could get a volume between 6.99 and 7.01 mL pretty reliably. It would be untrue to report that you measured 7.000 mL using any of these devices, because you didn't measure the volume to the nearest microliter. You would report your measurement using significant figures. These include all of the digits you know for certain plus the last digit, which contains some uncertainty. 

Significant Figure Rules 

· Non-zero digits are always significant. 

· All zeros between other significant digits are significant. 

· The number of significant figures is determined starting with the leftmost non-zero digit. The leftmost non-zero digit is sometimes called the most significant digit or the most significant figure. For example, in the number 0.004205 the '4' is the most significant figure. The lefthand '0's are not significant. The zero between the '2' and the '5' is significant. 

· The rightmost digit of a decimal number is the least significant digit or least significant figure. Another way to look at the least significant figure is to consider it to be the rightmost digit when the number is written in scientific notation. Least significant figures are still significant! In the number 0.004205 (which may be written as 4.205 x 10-3), the '5' is the least significant figure. In the number 43.120 (which may be written as 4.3210 x 101), the '0' is the least significant figure. 

· If no decimal point is present, the rightmost non-zero digit is the least significant figure. In the number 5800, the least significant figure is '8'. 

Uncertainty in Calculations 

Measured quantities are often used in calculations. The precision of the calculation is limited by the precision of the measurements on which it is based. 

Addition and Subtraction 
When measured quantities are used in addition or subtraction, the uncertainty is determined by the absolute uncertainty in the least precise measurement (not by the number of significant figures). Sometimes this is considered to be the number of digits after the decimal point. 

Keep the same number of decimal places as the factor with the least amount.

Example 
32.01 m
5.325 m
12 m
Added together, you will get 49.335 m, but the sum should be reported as '49' meters. 

Multiplication and Division 
When experimental quantities are multiplied or divided, the number of significant figures in the result is the same as that in the quantity with the smallest number of significant figures. If, for example, a density calculation is made in which 25.624 grams is divided by 25 mL, the density should be reported as 1.0 g/mL, not as 1.0000 g/mL or 1.000 g/mL. 

Keep the same number of sig figs as the factor with the least number of sig figs.
Losing Significant Figures 

Sometimes significant figures are 'lost' while performing calculations. For example, if you find the mass of a beaker to be 53.110 g, add water to the beaker and find the mass of the beaker plus water to be 53.987 g, the mass of the water is 53.987-53.110 g = 0.877 g


The final value only has three significant figures, even though each mass measurement contained 5 significant figures. 

Rounding Numbers 

There are different methods, which may be used to round numbers. The usual method is to round numbers with digits less than '5' down (basically drop the rounding digit) and numbers with digits equal to and greater than '5' up.

Example:

The following digits need to have only 2 significant figures.

1.33 rounds to 1.3

1.36 rounds to 1.4

In a series of calculations, carry the extra digits through to the final result, and then round.  

When rounding, use only the first number to the right of the last sig fig.

Instrument Uncertainties

1. Absolute uncertainty in a measurement is given only to one significant figure.

2. Absolute uncertainty may contain more than one decimal figure but the measurement and absolute uncertainty both should contain the same number of decimal figures.

Example 1: Length of the coil L = 22.3 ± 0.1 cm

Example 2: x = 54.35 ± 0.05 cm

When using a meter ruler to measure length you may decide that the smallest division that you can read is half a millimeter.  Your uncertainty in one reading is then ± 0.5 mm.  Your uncertainty in measuring a length using a meter ruler is (±0.5 mm) + (±0.5 mm) = ±1 mm = ±0.1cm, since you subtract one reading from the other to find the length.  The uncertainty depends not only on the precision of the instrument but also on how accurately you are able to take a measurement.

In a digital meter, the reading uncertainty usually is ± (last digit). 

THE VERNIER CALIPER
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The vernier caliper is used in length measurements to gain an additional digit of accuracy compared to a simple ruler.  The reading uncertainty in a ruler = ± 1 mm. The reading uncertainty in the vernier caliper = ± 0.02 mm

PARTS OF THE VERNIER CALIPER

The Vernier caliper has two scales; main scale and vernier scale.  The main scale is an ordinary ruler marked in cm and mm divisions.  The vernier scale is a graduated scale that is used to obtain a fractional reading of the smallest division (1mm) on the main scale.  The position of the vernier scale zero line, which slides along the main scale, is a direct reading of the dimension being measured.

Outside jaws are used to measure the length of a cylinder or outer diameter of a ring or a cylinder.  Place the object between the jaws and read the position of the vernier zero line.

Inside jaws are used to measure the inner diameter of a cylinder or a ring.  Place the jaws against the inner walls of the object and read the position of the vernier zero line.

Depth gauge is used to measure the height or depth of one point relative to another. 

For a given Vernier position, the distance between the inside jaws, the distance between the outside jaws, and the length of the depth gauge are all equal.  In all three cases the length being measured are given by the position of the zero line of the Vernier scale.

HOW TO READ THE VERNIER SCALE
[image: image2.png]vernier scale

o 1 2 3 4 s 6 7 &8 9 10

2 ) 3 4 com
main scale

Figure 11 Vernier scale closed. reading 0.00 mm

6.4x0.1=0.64 mm vernier scale

G0 2 s 4 s s o1 s 9w

<

b cm
4 s 1 6 7
main scale Scales coincide at 6.4

Figure 12 Vernier scale reading 21.64 mm.




Figure 11 Vernier scale closed, reading 0.00 mm

Figure 12 Vernier scale reading 21.64 mm.

Consider the vernier reading shown in Figure 12. The length of the object being measured is given by the position of the zero line of the vernier scale.  Follow the steps given below to read the position of the vernier zero line.

Step 1: Locate the place on the main scale where the vernier scale zero line lands.  In Figure 12, the vernier zero line is in between 21 mm and 22 mm. Therefore the reading of the zero line (or the measurement) is:

The length = 21 mm (main scale reading) + a fraction of the next mm

As you can see, the measurement is a little higher than 21 mm. We can use the vernier scale to read the fraction of the next mm. Follow the next step to do this.

Step 2: Scan your eye from left to right on the vernier scale and find the first line on the vernier scale that aligns best with a line on the main scale (there is only one that will). In Figure 12, this would be the second line between 6 and 7 on the vernier scale. This line is at 6.4 divisions on the vernier scale. Therefore, the measurement is:

The length = 21 mm (main scale reading) + 6.4 vernier scale divisions

Next, convert vernier scale division into mm by multiplying with 0.1 mm.

6.4 vernier scale divisions = 6.4 x 0.1 mm = 0.64 mm (vernier scale reading)

Step 3: Finally add the two readings together to obtain the complete reading for the caliper.

The length of the object = 21 mm + 0.64 mm = 21.64 mm

UNCERTAINTY

The vernier scale has 50 small divisions, which can be used to measure a maximum length of 1mm.  With one small vernier scale division, we can measure 1/50th of a millimeter.  Therefore the reading uncertainty in length = 1/50 mm = ± 0.02 mm

The length of the object = 21.64 ± 0.02 mm

SI Units

	Prefixes

	Symbol  
	Prefix  
	Power  
of Ten  
	Ordinary Notation
	   
	U.S. Name

	   Y
	yotta
	1024
	1 000 000 000 000 000 000 000 000
	
	

	   Z
	zetta
	1021
	1 000 000 000 000 000 000 000
	
	

	   E
	exa
	1018
	1 000 000 000 000 000 000
	
	

	   P
	peta
	1015
	1 000 000 000 000 000
	
	

	   T
	tera
	1012
	1 000 000 000 000
	
	trillion

	   G
	giga
	109
	1 000 000 000
	
	billion

	   M
	mega
	106
	1 000 000
	
	million

	   k
	kilo
	103
	1 000
	
	thousand

	   h
	hecto*  
	102
	100
	 
	hundred

	   da
	deka*
	101
	10
	 
	ten

	
	
	100
	1
	
	one

	   d
	deci*
	101
	0.1
	 
	tenth

	   c
	centi*
	102
	0.01
	 
	hundredth

	   m
	milli
	103
	0.001
	
	thousandth

	   µ
	micro
	106
	0.000 001
	
	millionth

	   n
	nano
	109
	0.000 000 001
	
	billionth

	   p
	pico
	1012
	0.000 000 000 001
	
	trillionth

	   f
	femto
	1015
	0.000 000 000 000 001
	
	

	   a
	atto
	1018
	0.000 000 000 000 000 001
	
	

	   z
	zepto
	1021
	0.000 000 000 000 000 000 001
	
	

	   y
	yocto
	1024
	0.000 000 000 000 000 000 000 001
	
	


Dimensional Analysis Examples
Dimensional analysis is also called the factor-label method of problem solving.  It is a way of setting up a problem in a constant fashion that breaks the problem down into simple steps.  Each step is a ratio that must equal 1, thus canceling out some preceding unit.  
example problem:    4.4 km  =  ?  m


solution:   4.4 km  x    1000 m  =  4 400 m
                                    1 km                


(note that the 'km' cancel and you multiply  4.4  times 1000 to get your answer)
 

problem:    4.4 km  =  ? cm


solution:    4.4 km  x  1000 m   x   100 cm    =   4.4 x 105 cm
                                   1 km            1 m
problem without metric prefixes:    4.4 weeks  =  ? seconds


solution:   4.4 wk  x  7 day   x  24 hour   x 60 minute    x   60 seconds    =    2.7 x 107 s
                                1 wk          1 day       1 hour             1 minute 
