
CHAPTER 3: BASIC OF APPLIED MECHANICAL MEASUREMENT 
 
3.1. Introduction 
 
Basic quantities for measurement in mechanical field are measurement for length, mass, 
time, temperature and angle. These quantities can be obtained using certain measurement 
devices. Several measurement devices can measure some of the quantities, while the 
remains need to use specific measurement devices. 
Classification of mechanical measurement and its measurement devices that will be 
discussed are as follows: 
 

No Mechanical quantities Measurement devices 
1 Linear dimension • ruler 

• caliper 
• micrometer caliper 
• vernier caliper 
• dial gauge 

2 Mass • mechanical balance 
• spring balance 

3 Force • spring coil 
• proving coil 
• strain gauge 
• load cell 

4 Torque • brake 
• dynamometer 
• strain gauge 
• transducer 

 
Temperature, pressure and other quantities will be discussed later. 
 
 
3.2. Linear Dimension Measurement 
 

3.2.1 Micrometer 

 A micrometer is a widely used device in mechanical engineering for precisely measuring 
thickness of blocks, outer and inner diameters of shafts and depths of slots. Appearing 
frequently in metrology, the study of measurement, micrometers have several advantages 
over other types of measuring instruments like the Vernier caliper - they are easy to use 
and their readouts are consistent. There are three types of micrometers based on their 
application: 

• External micrometer  
• Internal micrometer  
• Depth micrometer 
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Figure 1: External, internal, and depth 

micrometers 

An external micrometer is typically used to 
measure wires, spheres, shafts and blocks. An 
internal micrometer is used to measure the 
opening of holes, and a depth micrometer 
typically measures depths of slots and steps. 

The precision of a micrometer is achieved by a 
using a fine pitch screw mechanism.  

 

 
 

3.2.1.1 Reading an Inch-system Micrometer. 

 
Figure 2: Inch Micrometer 

The spindle of an inch-system micrometer has 40 
threads per inch, so that one turn moves the 
spindle axially 0.025 inch (1 ÷ 40 = 0.025), 
equal to the distance between two graduations 
on the frame. The 25 graduations on the thimble 
allow the 0.025 inch to be further divided, so 
that turning the thimble through one division 
moves the spindle axially 0.001 inch (0.025 ÷ 
25 = 0.001). To read a micrometer, count the 
number of whole divisions that are visible on the 
scale of the frame, multiply this number by 25 
(the number of thousandths of an inch that each 
division represents) and add to the product the 
number of that division on the thimble which 
coincides with the axial zero line on the frame. 

The result will be the diameter expressed in thousandths of an inch. As the numbers 1, 2, 3, 
etc., opposite every fourth sub-division on the frame, indicate hundreds of thousandths, the 
reading can easily be taken mentally. Suppose the thimble were screwed out so that 
graduation 2, and three additional sub-divisions, were visible (as shown in Fig. 2), and 
that graduation 10 on the thimble coincided with the axial line on the frame. The reading 
then would be 0.200 +0.075 +0.010, or 0.285 inch. 

 42



 
Figure 3: Metric Micrometer 

3.2.1.2 Reading a Metric Micrometer. 
 
The spindle of an ordinary metric 
micrometer has 2 threads per millimeter, 
and thus one complete revolution moves 
the spindle through a distance of 0.5 
millimeter. The longitudinal line on the 
frame is graduated with 1 millimeter 
divisions and 0.5 millimeter subdivisions. 
The thimble has 50 graduations, each 
being 0.01 millimeter (one-hundredth of 
a millimeter). To read a metric 
micrometer, note the number of 
millimeter divisions visible on the scale of 
the sleeve, and add the total to the 
particular division on the thimble which 
coincides with the axial line on the 
sleeve. 

Suppose that the thimble were screwed out so that graduation 5, and one additional 0.5 
subdivision were visible (as shown in Fig. 3), and that graduation 28 on the thimble 
coincided with the axial line on the sleeve. The reading then would be 5.00 +0.5 +0.28 = 
5.78 mm. Some micrometers are provided with a vernier scale on the sleeve in addition to 
the regular graduations to permit measurements within 0.002 millimeter to be made. 
Micrometers of this type are read as follows: First determine the number of whole 
millimeters (if any) and the number of hundredths of a millimeter, as with an ordinary 
micrometer, and then find a line on the sleeve vernier scale which exactly coincides with 
one on the thimble. The number of this coinciding vernier line represents the number of 
two-thousandths of a millimeter to be added to the reading already obtained. Thus, for 
example, a measurement of 2.958 millimeters would be obtained by reading 2.5 
millimeters on the sleeve, adding 0.45 millimeter read from the thimble, and then adding 
0.008 millimeter as determined by the vernier. Note: 0.01 millimeter = 0.000393 inch, 
and 0.002 millimeter = 0.000078 inch (78 millionths). Therefore, metric micrometers 
provide smaller measuring increments than comparable inch unit micrometers—the smallest 
graduation of an ordinary inch reading micrometer is 0.001 inch; the vernier type has 
graduations down to 0.0001 inch. When using either a metric or inch micrometer, without 
a vernier, smaller readings than those graduated may of course be obtained by visual 
interpolation between graduations. 

Vernier Micrometer 

By adding a vernier to the micrometer, it is possible to read accurately to one ten-
thousandth of an inch. The vernier markings are on the sleeve of the micrometer and are 
parallel to the thimble markings. There are 10 divisions on the vernier that occupy the 
same space as 9 divisions on the thimble. Since a thimble space is one thousandth of an 
inch, a vernier space is 1/10 of 9/1000 inch, or 9/10000 inch. It is 1/10000 inch less 
than a thimble space. Thus, as in the preceding explanation of verniers, it is possible to 
read the nearest ten-thousandth of an inch by reading the vernier digit whose marking 
coincides with a thimble marking. 
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In figure 6-6 (A), the last major division showing fully on the sleeve index is 3. The third 
minor division is the last mark clearly showing (0.075). The thimble division nearest and 
below the index is the 8 (0.008). The vernier marking that matches a thimble marking is 
the fourth (0.0004). Adding them all together, we have, 

 

The reading is 0.3834 inch. With practice these readings can be made directly from the 
micrometer, without writing the partial readings. 

 

Figure 6-6.–Vernier micrometer settings. 

Practice problems: 

1. Read the micrometer settings in figure 6-6. 

Answers: 

1. (A) See the foregoing example. 
(B) 0.1539  
(C) 0.2507  
(D) 0.2500 
(E) 0.4690 
(F) 0.0552  
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3.2.2 Vernier scale 

 
Figure 4: A set of vernier calipers. 

    A vernier scale lets one read more precisely 
from an evenly divided straight or circular 
measurement scale. It is fitted with a sliding 
secondary scale that is used to indicate where 
the measurement lies when it is in-between two 
of the marks on the main scale. 
    It was invented in its modern form in 1631 by 
the French mathematician Pierre Vernier (1580-
1637). In some languages, this device is called a 
nonius, which is the latin name of the Portuguese 
astronomer and mathematician Pedro Nunes 
(1492-1578) who invented the principle. 
 
 

 

When a measurement is taken by mechanical means using one of the above mentioned 
instruments, the measure is read off a finely marked data scale ( the "fixed" scale, in the 
diagram). The measure taken will usually be between two of the smallest gradations on 
this scale. The indicating scale ("vernier" in the diagram) is used to provide an even finer 
additional level of precision without resorting to estimation. 

 

 
Figure 5: Large view of vernier caliper 

An enlarged view of the calipers in Figure 5 
shows they have an accuracy of 0.02 mm. The 
reading is 3.58 mm. The 3 mm is read off from 
the upper (fixed) data scale. The 0.58 mm is 
obtained from the lower (sliding) indicating 
scale at the point of closest alignment between 
the two scales. The superimposed red markings 
show where the readings are taken 

 

 
 
 
3.2.2.1 Construction 

The indicating scale is constructed so that when its zero point is coincident with the start of 
the data scale, its gradations are at a slightly smaller spacing than those on the data 
scale and so do not coincide with any on the data scale. N gradations of the indicating 
scale would cover N-1 gradations of the data scale (where N is the number of divisions 
the maker wishes to show at the finer level). 
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3.2.2.2 Use 

When a length is measured the zero point on the indicating scale is the actual point of 
measurement, however this is likely to be between two data scale points. The indicator 
scale measurement which corresponds to the best-aligned pair of indicator & data 
gradations yields the value of the finer additional precision digit. 

Examples 
 
On instruments using decimal 
measure, as shown in the Figure 6, 
the indicating scale would have 10 
gradations covering the same 
length as 9 on the data scale. Note 
that the vernier's 10th gradation is 
omitted. 

On an instrument providing angular 
measure, the data scale could be in 
half-degrees with an indicator 
scale providing 30 1-minute 
gradations (spanning 29 of the 
half-degree gradations). 

 

Figure 6: Measurement process 
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3.2.3 Caliper 

A caliper is a device used in the metalworking field of mechanical engineering, to measure 
the distance between two symmetrically opposing sides. A caliper can be as simple as a 
compass with inward or outward-facing points. After the measurement is taken the 
distance can be read by applying the caliper on a ruler or between the jaws of a Vernier 
caliper. 

 

3.2.3.1 Inside caliper 
 

 
Figure 7: Two inside calipers 

The inside calipers on the right are used to measure the internal size of an object. 

• The upper caliper in the image (at the right) requires manual adjustment prior to 
fitting, fine setting of this caliper type is performed by tapping the caliper legs 
lightly on a handy surface until they will almost pass over the object. A light push 
against the resistance of the central pivot screw then spreads the legs to the 
correct dimension and provides the required, consistent feel that ensures a 
repeatable measurement.  

• The lower caliper in the image has an adjusting screw that permits it to be 
carefully adjusted without removal of the tool from the workpiece.  

 

3.2.3.2 Outside caliper 
 

 
Figure 8: Three outside calipers. 

Outside calipers are used to measure the external size of an object. 
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The same observations and technique apply to this type of caliper, as for the above Inside 
caliper. With some understanding of their limitations and usage these instruments can 
provide a high degree of accuracy and repeatability. They are especially useful when 
measuring over very large distances, consider if the calipers are used to measure a large 
diameter pipe. A vernier caliper does not have the depth capacity to straddle this large 
diameter while at the same time reach the outermost points of the pipes diameter. 
 

3.2.3.3 Divider caliper 
 

 
Figure 9: A pair of dividers 

In the metalworking field divider calipers are used in the process of marking out suitable 
workpieces. The points are sharpened so that they act as scribers, one leg can then be 
placed in the dimple created by a center or prick punch and the other leg pivoted so that 
it scribes a line on the workpiece's surface, thus forming an arc or circle. 

A divider caliper is also used to measure a distance between two points on a map. The 
two caliper's ends are brought to the two points whose distance is being measured. The 
caliper's opening is then either measured on a separate ruler and then converted to the 
actual distance, or it is measured directly on a scale drawn on the map. On a nautical 
chart the distance is often measured on the latitude scale appearing on the sides of the 
map: one minute of arc of latitude is approximately one nautical mile or 1852 metres. 

 
3.2.3.4 Oddleg caliper 
 

 
Figure 10: Odd leg calipers 

Oddleg calipers or Oddleg jennys, as pictured at left, are generally used to scribe a line 
a set distance from the edge of workpiece. The bent leg is used to run along the 
workpiece edge while the scriber makes its mark at a predetermined distance, this ensures 
a line parallel to the edge. 
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The uppermost caliper has a slight shoulder in the bent leg allowing it to sit on the edge 
more securely, the lower caliper lacks this feature but has a renewable scriber that can be 
adjusted for wear, as well as being replaced when excessively worn. 
 

3.2.3.5 Dial caliper 
 

 
Figure 11: Mitutoyo dial caliper 

A further refinement to the vernier caliper is the dial caliper. 

In this instrument, a small gear rack drives a pointer on a circular dial. Typically, the 
pointer rotates once every inch, tenth of an inch, or 10 millimetres, allowing for a very 
accurate and direct reading without the need to interpolate a vernier scale (although one 
still needs to add the basic inches or tens of millimeters value read from the slide of the 
caliper). The dial is usually arranged to be rotatable beneath the pointer, allowing for 
easy "differential" measurements (the measuring of the difference in size between two 
objects, or the setting of the dial using a master object and subsequently being able to 
read directly the plus-or-minus variance in size of subsequent objects relative to the 
master object). 

The slide of a dial caliper can usually also be locked at a setting using a small lever; this 
allows simple go/no-go checks of part sizes. 

 
3.2.3.6 Digital caliper 

A refinement now popular is the replacement of the analog dial with an electronic digital 
display. This version of the caliper finally allows simply reading the value directly from a 
single display. Many digital calipers can also be switched between metric and English 
units and all provide for zeroing the display at any point along the slide, allowing the 
same sort of differential measurements as with the dial caliper but without the need to 
read numbers that may be upside down. Digital calipers may also contain some sort of 
"reading hold" feature, allowing the reading of dimensions even in very awkward 
locations where the display cannot be directly seen. 

Like dial calipers, the slide of a digital caliper can usually be locked using a lever. 
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3.2.4 Ruler 

  

 
Figure 12: Ruler 

A ruler is an instrument used in geometry and technical drawing to measure short distances 
and/or to rule straight lines. Strictly speaking, the ruler is the instrument used to rule and 
calibrated stick for measurement is called a measure. However, common usage is that a 
ruler is calibrated so that it can measure, creating ambiguity in what a ruler is allowed to 
do in Ruler-and-compass constructions. For instance, a ruler with measurement capability 
(e.g. its own length) can be used for angle trisection. This is resolved by referring to an 
instrument that can only rule as a straightedge. 

 

3.2.5 Tape measure 

 

 
Figure 13: Self-retracting pocket tape measure 

A tape measure or measuring tape is a ribbon of cloth, plastic, or metal with linear-
measure markings, often in both imperial and metric units. Surveyors use tape measures in 
lengths on the order of hectometres. It is a convenient measuring tool. Its flexibility allows 
for a measure of great length to be easily carried in pocket or toolkit and permits one to 
measure around curves or corners. 

Tape measures intended for use in tailoring or dressmaking are typically made of flexible 
cloth or plastic, while those designed for carpentry or construction often use a stiff, curved 
metallic ribbon that can remain stiff and straight when extended, but retracts into a coil 
for convenient storage. This type of tape measure will have a floating tang on the end to 
aid measuring. The tang will float a distance equal to its thickness, to allow accurate 
measurement whether the tape is in tension or compression. A tape measure of 25 or even 
100 feet can wind into a relatively small container. 

For many purposes tape measures are indispensable. Almost any home or shop can be 
expected to have several of one sort or another. 

 50



 3.2.6 Dial indicator 

Dial indicators are instruments used to accurately measure a small distance. They may also 
be known as a Dial gauge, Dial Test Indicator (DTI) or as a "clock". 

The definition of small obviously depends on the observer however a range between 1mm 
(0.040") and 50mm (2") may be thought of as typical with a travel of 10mm (approx 
0.5") being perhaps the most common. 

 
3.2.6.1 Probe type 
 

 
Figure 14: 0.1mm-20mm dial test 

indicator 

They typically consist of a graduated dial and 
needle (thus the clock terminology) to record the 
minor increments ,with a smaller embedded clock 
face and needle to record the number of needle 
rotations on the main dial. They may be graduated 
to record measurements of between 0.01mm (.001", 
which is not a direct unit conversion) down to 
0.001mm (.00005") for more accurate usage. The 
probe (or plunger) moves perpendicular to the object 
being tested by either retracting or extending from 
the indicators body. 

The dial face can be rotated to any position, this is used to orient the face towards the 
user as well as set the zero point, there will also be some means of incorporating limit 
indicators (the two metallic tabs visible in the right image, at 90 and 10 respectively), 
these limit tabs may be rotated around the dial face to any required position. There may 
also be a lever arm available that will allow the indicator's probe to be retracted easily. 

A situation that utilizes all these features would be in the inspection department of a 
manufacturing facility. The inspection department would have the Dial Test indicator (DTI) 
set up in a fixture (possibly a magnetic base) which would secure the DTI and allow its 
adjustment to read zero at the optimal size of a sample part, the two limit tabs would be 
set to the extremes of the parts tolerance, finally the lever arm would allow the probe to 
be retracted when loading the sample to be tested, between the DTI and base. This lever 
arm reduces the chance of applying undue force to the probe or DTI, possibly upsetting its 
accuracy. 

The tip of the probe may be interchanged with a range of shapes and sizes depending on 
application. 
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3.2.6.2 Lever type 
 

 
Figure 15: Lever arm test indicator 

A Lever arm test indicator or Finger indicator has a smaller movement range (perhaps 
1mm depending on the model) and measures the deflection of the arm, the probe does 
not retract but swings in an arc around its hinge point. The lever may be interchanged for 
length or ball diameter and permits measurements to be taken in narrow grooves or small 
bores where the body of a probe type may not reach. The model shown is bidirectional, 
some types may have to be switched via a side lever to be able to measure in the 
opposite direction. 

3.2.6.3 Digital type 

With the advent of electronics and LCDs the clock face and analog display has been 
replaced with digital displays, these have the added advantage of being able to record 
and transmit the data electronically to a computer. This process is known as Statistical 
process control (SPC) and involves a computer recording and interpreting the results, this 
also reduces the risk of the operator introducing recording errors. Digital indicators can 
also be switched between imperial and metric units with the press of a button, thereby 
increasing the DTI's versatility. 

3.2.6.4 Applications 

• As outlined above, they may be used in a quality environment to check for 
consistency and accuracy in the manufacturing process.  

• On the workshop floor to initially set up or calibrate a machine, prior to a 
production run.  

• By toolmakers (moldmakers) in the process of manufacturing precision tooling.  
• In metal engineering workshops, where a typical application is the centering of a 

lathes workpiece in a four jaw chuck. The DTI is used to indicate the run out of the 
work piece, with the ultimate aim of reducing it to a suitably small range by small 
chuck jaw adjustments.  

• In areas other than manufacturing where accurate measurements need to be 
recorded, eg:- physics.  

 

3.2.7 Planimeter 

A planimeter is a technical drawing instrument used to measure the surface area of an 
arbitrary two dimensional shape. The precise way in which they are constructed varies, the 
main types of mechanical planimeter being Polar; Linear; and Prytz or "Hatchet" 
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Planimeters. They rely on Green's theorem and were invented by the Swiss mathematician 
Jacob Amsler in 1854. Electronic versions also exist. 

Some experience regarding on planimeter 

The planimeter is a drafting instrument used to measure the area of a graphically 
represented planar region. The region being measured may have any irregular shape, 
making this instrument remarkably versatile. In this age of CAD and digital images, I 
suspect that the planimeter is heading toward obsolescence, but not just yet. They are still 
being manufactured. 

When I first used a planimeter, I was somewhat troubled by the fact that I did not 
understand how it worked. Oh sure, I don't understand how my car works either, but the 
planimeter essentially has only three moving parts. That makes its mechanism considerably 
less complex than a typical doorknob. After eighteen years of sleepless nights, I decided 
to buy a planimeter and figure it out. 

 

This is my planimeter. I got it at a Snohomish antique mall. It was made in Germany and 
distributed by Keuffel and Esser. The date on the bottom of the box says 1917. It is in 
perfect working condition, and it is nearly identical to the instruments I was using in the 
early 80s. The brass cylinder is anchored to the table with a point, like a compass point. It 
pivots, but does not slide. The elbow joint bents and slides freely. The pointer on the other 
end is used to trace the perimeter of the region. Near the elbow is a wheel, which simply 
rolls and slides along the tabletop. The scale is on the wheel itself, so it tells how far the 
wheel has turned. Sure enough, that number is proportional to the area of the region. The 
conversion factor depends on the scale of the drawing or photograph. 
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Here is a schematic of the instrument. 
If your browser supports Java, you 
can click on it and go to an interactive 
sketch, allowing you to get the feel of 
it. Point A is stationary. Point C traces 
the region in a clockwise direction. 

 

The scale wheel is attached to the "green" 
arm, near point B, and its axis is parallel 
to the green arm, BC. This orientation is 
important. Suppose that the green arm has 
a translational motion. That is, it slides but 
it is always pointed in the same direction. 
If it moves longitudinally, then the wheel 
will not turn at all. It will merely slide 
sideways. If the arm moves in any other 
direction, then the rotation of the wheel 
will be proportional to the component of 

the translation that is normal to BC. Also, it would not matter where the wheel is attached, 
as long as it stays fixed to the green arm, with its axis parallel to BC. 

You probably noticed that these conditional statements are not realistic. The green arm 
most certainly does not always point the in the same direction. It rotates as it moves. Just 
stay with me on this one. We are going to start with some simple cases. 

I have confirmed, mathematically and experimentally, that the length of the blue arm, AB, 
is irrelevant. That length must be constant, but the results will be the same no matter what 
the length is. Again, humor me on this, at least for now. Point A is fixed, and AB is some 
fixed distance, so the blue arm acts as a compass, and point B travels along a circle. Since 
the distance AB does not matter, let point A be sent a very long distance away. As A 
approaches a point at infinity, the arc traced by point B approaches a line. 

With this modification, we have designed a 
different type of planimeter. This is not the same 
as the polar planimeter, but it should work. The 
blue arm has been eliminated from the mechanism. 
Point B slides along a straight groove. As before, 
point C traces the region in a clockwise direction. 
Let's see what happens when we trace a very 
simple region, rectangle PQRS, two sides of which 
are parallel to the path of point B. Start at point P 
and move in a clockwise direction.   

 54



As point C moves from P to Q, point B must move 
the same direction and distance. So the green arm 
moves without turning, just as we said. As it is 
translated, the green arm sweeps across the 
yellow parallelogram shown in this illustration. Let 
m1 be the measurement read by the wheel as C 
goes from P to Q. Since the wheel measures only 
the normal component of the translation, m1 must 
be the height of the parallelogram. Let k be the 
length of the green arm: k = BC This is also the 
base of the parallelogram, so the area of the 
yellow parallelogram is km1. 

 

Look what happens when we move the pointer 
from Q to R. This time it is not a translation. The 
green arm turns as it moves, so it is not so simple to 
tell what effect it has on the measuring wheel. Just 
call that measurement m2, and set it aside for now. 

  

 
Now go from R to S. Once again, the green arm is 
translated. It sweeps across the blue 
parallelogram. Let m3 be the wheel measurement 
taken over this interval. Notice that, this time, the 
wheel is moving backwards, meaning that m3 must 
be negative. The height of the blue parallelogram 
is -m3. Its area is -km3. 

 
Finally, we complete the circuit, going from S to P. 
The green arm will turn this time. Call the 
measurement m4. As with m2, it is not easy to tell 
what the magnitude of m4 is. But look again, and 
notice the symmetry. Going from S to P, the motion 
of the arm is similar to the motion made when 
going from Q to R. The only difference is that the 
motion is made in opposite directions. Therefore, 
m2 and m4 must be opposites: m2 = -m4  

 

Let M be the final reading on the wheel, so M must be the sum of the measurements made 
on the four sides. 

M = m1 + m2 + m3 + m4 
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M = m1 + (-m4) + m3 + m4 

M = m1 + m3 

Multiply that measurement by k, the length of the green arm. 

kM = k(m1 + m3) 

kM = km1 + km3 

kM = km1 - (-km3) 

kM = [yellow area] - [blue area] 

Now do you see where this is going? The yellow and blue parallelograms can be mapped 
to rectangles without changing their areas. Take the difference of their areas, and we are 
left with the area of rectangle PQRS. 
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What was proved here? 

I know, I know. It looks like a lot of hand waving so far. The planimeter in this model does 
not even have the same 
construction as the one in 
the picture. I said that I 
would get back to that, 
and I will, but not right 
now. Also, I said that this 
instrument would measure 
the area of irregularly 
shaped regions, but I only 
proved that my modified 
instrument (which is called 
a linear planimeter) 
would work for a 
rectangle that is oriented 
square with the runner. 
What about that 
irregular region? 

Refer to the region below, with the sinuous boundary. A nice thing about rectangles is that 
they can be stacked 
together in such as way 
that they will tile a plane, 
leaving no gaps between 
the rectangles. There are 
gaps between the 
rectangles and the blue 
boundary, but by 
constructing smaller and 
smaller rectangles, those 
gaps become as small as 
we wish. 

Now, using the linear 
planimeter, trace one 
rectangle. Lift the 
planimeter so that the 
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wheel does not move. Place it down on a second rectangle, and trace it. Continue doing 
this until all of the rectangles have been traced. The scale will show an accurate area for 
the region. 

This process will work, but it is not at all practical. There is too much lifting and moving. 
Fortunately, there is a way to simplify the routine. Notice that each of the interior line 
segments was traced exactly twice. In fact, they were traced in opposite directions, 
effectively canceling any change in the instrument's scale. That means that we could just as 
well skip all of the interior courses. 

What we need to be tracing is the perimeter courses, highlighted in red here. Of course, it 
would be more accurate if we fill in those gaps with smaller rectangles. As we fill more 
and more of the gaps, this red boundary takes the shape of the original boundary. In 
other words, we could save a lot of work by forgetting all of the rectangles and simply 
tracing the boundary. That is exactly how a planimeter is used. 

 

But what about a polar planimeter? 

This part is being saved for last because it requires calculus. If you are willing to accept 
my word that the length of the blue anchor arm does not matter, then the explanation 
above may give you a conceptual understanding of the planimeter. 

In this sketch we have a planimeter tracing a boundary. Notice that the path of point B is 
restricted to a circle. For now, forget about the area of the region. Concentrate on the 
area that is covered by the green arm. Take the arbitrarily small subregion covered as 
the planimeter goes from C to C'. Call its area dw. 

 

We know how to compute the area when the green arm is sliding, but in this case, it is 
sliding and turning at the same time. It will help to separate the components of this motion. 
First let the arm pivot, so that it is parallel to B'C'. Construct point E to show this first step. 
Now let the arm slide the rest of the way to B'C'. The subregion is now shown as a 
pentagon, BCEC'B'. 
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Let dq be the rotation of the arm as it goes from C to E. Let dm be the change in the scale 
reading only while the arm is sliding. The scale also moves when the arm rotates, but that 
will be addressed later. As before, k is the length of the green arm. The area of the 
subregion can now be expressed algebraically. Some of these area formulas may appear 
to be approximations, but remember, both dq and dm are arbitrarily small. 

 

By integrating as the planimeter traces the entire region, we can get a formula for W, the 
area of the region crossed by the green arm when the planimeter makes one complete 
circuit around the region. 

 

The first term in this formula integrates the angle change as the pointer traces the entire 
region. Since the planimeter begins and ends in the same position, the net change in the 
angle is zero. Therefore, the changes in the scale reading caused by rotation have no 
influence on the final reading. 

 

Remember that dm was defined as the movement of the scale due to the sliding of the 
arm. This is the only thing reflected in the area equation. The integration of dm over the 
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entire circuit is simply the net change in the scale, in other words, the final scale reading. 
Let M be the final scale reading. 

 

Of course, what we computed was the area crossed by the green arm, not the area of the 
region that was traced. Think again. When the arm is sliding backwards, the scale is 
moving backwards. In that case, the area it is covering is subtracted from the total. When 
the planimeter traces a region, the arm makes a broad sweep, then backs over the part 
that is outside of the region. 

 

In fact, some of the parts may be covered more than twice. Work it out. The exterior 
region will be covered an even number of times, alternating signs each time. The interior is 
covered an odd number of times, with a net equivalent of being crossed once in the 
positive direction. 

There is still one more loose end. As I said earlier, the length of the blue arm is immaterial, 
and I proved it mathematically and experimentally. For the experimental part, I simply 
taped an extension onto the arm and compared the results. How was it proved 
mathematically? Go back through the calculations. At no time did we need to specify the 
length of the blue arm. If we can compute the area without knowing the arm length, then it 
does not matter what that length is. However, the length must be constant (Why?), and of 
course, the pointer must be able to reach all points on the boundary. 
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3.2.8 Potentiometer 

 

 
Figure: Schematic symbol for a potentiometer 

Originally the term potentiometer was used to decribe an apparatus used to measure the 
potential (or voltage) in a circuit by tapping off a portion of a known voltage from a 
resistive slide wire and comparing it with the unknown voltage by means of a voltmeter or 
galvanometer. 

The present popular usage of the term potentiometer (or 'pot' for short) describes an 
electronic component which has a user adjustable resistance. Usually, this is a three-
terminal resistor with a sliding contact in the center. If all three terminals are used, it acts 
as a variable voltage divider. Potentiometers are also widely used as a part of 
displacement transducers because of the simplicity of construction and because they can 
give a large output signal. 

Original potentiometer 

The original potentiometer is a type of bridge circuit for measuring voltages. The word 
itself derives from the phrase "voltage potential," and "potential" was used to refer to 
"strength." The original potentiometers are divided into four main classes: the constant 
resistance potentiometer, the constant current potentiometer, the microvolt potentiometer 
and the thermocouple potentiometer. 

Constant current potentiometer 

This is used for measuring voltages below 1.5 volts. In this circuit, the unknown voltage is 
connected across a section of resistance wire the ends of which are connected to a 
standard electrochemical cell that provides a constant current through the wire, The 
unknown emf, in series with a galvanometer, is then connected across a variable-length 
section of the resistance wire using a sliding contact(s). The sliding contact is moved until no 
current flows into or out of the standard cell, as indicated by a galvanometer in series with 
the unknown emf. The voltage across the selected section of wire is then equal to the 
unknown voltage. All that remains is to calculate the unknown voltage from the current and 
the fraction of the length of the resistance wire that was connected to the unkown emf. The 
galvanometer does not need to be calibrated, as its only function is to read zero. When 
the galvanometer reads zero, no current is drawn from the unknown emf and so the 
reading is independent of the source's internal resistance. 
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Constant resistance potentiometer 

The constant resistance potentiometer is a variation of the basic idea in which a variable 
current is fed through a fixed resistor. These are used primarily for measurements in the 
millivolt and microvolt range. 

Microvolt potentiometer 

This is a form of the constant resistance potentiometer described above but designed to 
minimise the effects of contact resistance and thermal emf. This equipment is satisfactorily 
used down to readings of 10nV or so. 

Thermocouple potentiometer 

Another development of the standard types was the 'thermocouple potentimenter' 
especially modified for performing temperatue measurements with thermocouples. 

Modern potentiometer 

This is a three terminal resistor where the position of the sliding connection is user 
adjustable.(Although the term varistor. . implies a similar function, a varistor is not the same 
device as a potentiometer.See the varistor article for details. Tuning capacitors are 
sometimes incorrectly referred to as potentiometers, possibly due to their similar 
appearance. If the device has only two terminals brought out (or if only the slider and one 
end of a three-terminal device are used) it is called a rheostat, or variable resistor. This is 
used to control current. 'Pots' are not used to control high-power devices, such as electric 
stoves, because as a voltage divider or variable resistor, power is inherently wasted. The 
pot could actually become hotter than the heating element of the stove. Common 
applications for pots include volume controls in audio equipment and (crude) light dimmers. 
In consumer electronics sometimes the on-off switch for the device is combined with the 
volume control such that just past the setting least volume, the device switches off. 

 
Types of potentiometers 

Low-power types 

 
A typical single turn potentiometer 

A potentiometer is constructed using a flat graphite annulus as the resistive element, with a 
sliding contact (wiper) sliding around this annulus. The wiper is connected to an axle and, 
via another rotating contact, is brought out as the third terminal. On panel pots, the wiper 
is usually the centre terminal. For single turn pots, this wiper typically travels just under one 
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revolution around the contact. 'Multiturn' potentiometers also exist, where the resistor 
element may be helical and the wiper may move 10, 20, or more complete revolutions. In 
addition to graphite, other materials may be used for the resistive element. THese may be 
resistance wire or carbon particles in plastic or a ceramic/metal mixture. One popular 
form of rotary potentiometer is called a string pot. It is a multi-turn potentiometer with an 
attached reel of resistance wire turning against a spring. It's very convenient for measuring 
movement and therefore acts as a position transducer. In a linear slider pot, a sliding 
control is provided instead of a dial control. The word linear also describes the geometry 
of the resistive element which is a rectangular strip, (not an annulus as in a rotary 
potentiometer). Because of their construction, this type of pot has a greater potential for 
getting contaminated. Potentiometers can be obtained with either linear or logarithmic 
laws. 

Linear potentiometers 

A linear law pot ("type B") has a resistive element of constant cross-section, resulting in a 
device where the resistance between the wiper and one end terminal is proportional to 
the distance between them. Linear describes the electrical 'law' of the device, not the 
geometry of the resistive element. 

Logarithmic potentiometers 

A log pot ("type A") (sometimes called a log taper pot) has a resistive element that either 
'tapers' in a logarithmic manner from one end to the other, or is made from a material 
whose resistivity varies logarithmically from one end to the other. This results in a device 
where the distance between the wiper and one end terminal is proportional to the 
logarithm of the resistance between them. The 'log pot' is used as the volume control in 
audio amplifiers, where it is also called an "audio taper pot", because the amplitude 
response of the human ear is also logarithmic. It ensures that, on a volume control marked 
0 to 10, for example, a setting of 5 sounds half as loud as a setting of 10. There is also 
an anti-log pot or reverse audio taper ("type C") which is simply the reverse of a log pot. It 
is almost always used in a ganged configuration with a log pot, for instance, in an audio 
balance control. 

High-power types 

A rheostat is essentially a potentiometer, but is usually much larger, designed to handle 
much higher voltage and current. Typically these are constructed as a resistive wire 
wrapped around a toroidal core with the wiper moving over the upper surface of the 
toroid, sliding from one turn of the wire to the next. Sometimes a rheostat is made from 
resistance wire wound on a heat resisting cylinder with the slider made from a number of 
metal fingers that grip lightly onto a small portion of the turns of resistance wire. The 
'fingers' can be moved along the coil of resistance wire by a sliding knob thus changing 
the 'tapping' point. They are usually used as variable resistors rather than variable 
potential dividers.  
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Theory of operation 
 

 
A potentiometer with a resistive load, showing equivalent fixed resistors for clarity. 

The 'modern' potentiometer can be used as a potential divider (or voltage divider) to 
obtain a manually adjustable output voltage at the slider (wiper) from a fixed input 
voltage applied across the two ends of the pot. This is the most common use of pots. 

The voltage across RL is determined by the formula: 

 

The parallel lines indicate components in parallel. Expanded fully, the equation becomes: 

 

Although it is not always the case, if RL is large compared to the other resistances (like the 
input to an operational amplifier), the output voltage can be approximated by the simpler 
equation: 

 

As an example, assume , , , and 
. Since the load resistance is large compared to the other resistances, the 

output voltage VL will be approximately: 

 

Due to the load resistance, however, it will actually be slightly lower: ≈ 6.623 V. 
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One of the advantages of the potential divider compared to the variable resistor is that, 
while variable resistors have a maximum resistance where some current will always flow, 
dividers are able to vary the output voltage from maximum (VS) to ground (zero volts) as 
the wiper moves from one end of the pot to the other.  

 

3.3. Force Measurement 

3.3.1. Measurement of mass and forces using balance equipment 

Analytical balance 

 

 
Figure: When the weights on the plates of this balance are equal, the needle mid-rod 

points straight up. 

A balance (also beam balance or laboratory balance) is used to accurately measure the 
mass of an object. This class of measuring instrument uses a comparison technique in its 
conventional form of a beam from which a weighing pan and scale pan are suspended. To 
weigh an object, it is placed on the measuring pan, and standard weights are added to 
the scale pan until the beam is in equilibrium. 

While the word "weigh" or "weight" is often used, any balance scale actually measures 
mass, which is not dependent upon the force of gravity, as opposed to a scale with a 
spring, which measures weight. Mass is properly measured in grams, kilograms, pounds, 
ounces, or slugs; while weight is in newtons or pound force. 

An analytical balance is an instrument used to measure mass to a very high degree of 
precision. The weighing pan(s) of a high accuracy (0.1 mg or better) analytical balance 
are inside a see-through enclosure with doors so dust does not collect and so any air 
currents in the room do not affect the delicate balance. Also, the sample must be at room 
temperature to prevent natural convection from forming air currents inside the enclosure, 
affecting the weighing. 

Very precise measurements are achieved by ensuring that the fulcrum of the beam is 
friction-free (a knife edge is the traditional solution), by attaching a pointer to the beam 
which amplifies any deviation from a balance position; and finally by using the lever 
principle, which allows fractional weights to be applied by movement of a small weight 
along the measuring arm of the beam. 

 65



Platform scale 

For platform scales, major scale adjustment can be achieved through adding one from 
several standard masses that available; minor adjustment can be achieved with adjusting 
the sliding mass along the measurement scale until the balance is achieved. 

The purpose to use this device is to do measurement on large force with small standard 
masses. Sliding mass is used to do comparison procedure as fast as possible, and in the 
same time, to avoid from using too much standard masses. 

In term of application, it can be extended in measuring large force with doing a 
modification on the device. One of the device that apply the concept used in platform 
scale is Material Testing Machine (or Universal Testing Machine). Usually, this machine is 
used to find the strength of material and its mechanical characteristics trough the test on 
the materials. 

 

Mechanical balance 

The concept of mechanical balance is as follows: 

• Consider unknown force (in this case, W for mass A), where this force can be 
measured by moving the mass B until equilibrium is achieved. 

• At this moment, where B in location Bo, using moment principle,  

Wa= wx,  

where w is weight of B. 

• Because weight is multiplication between mass and gravitational acceleration, the 
above relation can be written as  

Ma=mx or  
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M=(m/a)x  

Where M: mass of A; m: mass of B 

• From this, it can be understood that M is proportional with x. 
• The scale, S can be calibrated directily in M and W, if the value of gravity is 

assumed to remain unchanged. 
• The range in force measurement can be increased through adding the mass C at 

the end of the beam of that balance. If m’ is a mass for C, an equilibrium can be 
achieved when 

Ma=mx+m’c 

M=(mx)/a + (m’c)/a 

• Because m’ is constant, calibration mark at scale can be used for range with is 
higher than the previous one, in condition that fixed quantity m’ is added to each 
reading. 

 

 

3.3.2. Elastic displacement method 

3.3.2.1 Spring balance 

Some weighing scales such as a Jolly balance (named after Phillipp Gustav von Jolly who 
invented the balance about 1874) use a spring with a known spring constant (see Hooke's 
law) and measure the displacement of the spring by any variety of mechanisms to 
produce an estimate of the gravitational force applied by the object, which can be simply 
hung from the spring or set on a pivot and bearing platform. Rack and pinion mechanisms 
are often used to convert the linear spring motion to a dial reading. 
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Figure: A spring weighing scale can measure forces transmitted through the scale in any 

direction. 

Spring scales typically measure force, which can be measured in units of force such as 
newtons or pounds-force. 

Spring scales typically cannot be used for commercial applications unless their springs are 
temperature compensated or used at a fairly constant temperature. The spring scales 
which are legal for commerce can be calibrated for the accurage measurement of mass 
(the quantity measured for weight in commerce) in the location in which they are used. 
They can give an accurate measurement in kilograms or pounds for this purpose. 

 

3.3.2.2 Steel / proving ring 

The proving ring is a device used to measure force. It consists of 
an elastic ring of known diameter with a measuring device 
located in the center of the ring. 
 
Proving rings come in a variety of sizes. They are made of a 
steel alloy. Manufacturing consists of rough machining from 
annealed forgings, heat treatment, and precision grinding to 
final size and finish. 
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Proving rings have evolved over time; however, they 
are still manufactured according to design 
specifications established in 1946 by the National 
Bureau of Standards (NBS), the predecessor of the 
National Institute of Standards and Technology (NIST). 
Those specifications can be found in the Circular of the 
National Bureau of Standards C454, issued in 1946. 
The concept behind the proving ring is illustrated in the 
diagram below. 

 
 

 
Figure: Schematic diagram of the changes in the ring diameter as compression (push) and 
tension (pull) forces are applied. 
 
Proving rings can be designed to measure either compression or tension forces. Some are 
designed to measure both. The basic operation of the proving ring in tension is the same 
as in compression. However, tension rings are provided with threaded bosses and supplied 
with pulling rods that are screwed onto the bosses. 
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The proving ring consists of two main 
elements, the ring itself and the diameter-
measuring system, shown on the right in the 
exploded view of a proving ring.  Forces are 
applied to the ring through the external 
bosses. The resulting change in diameter, 
referred to as the deflection of the ring, is 
measured with a micrometer screw and the 
vibrating reed mounted diametrically within 
the ring. 
 
The micrometer screw and the vibrating reed 
are attached to the internal bosses of the 
ring. In modern rings, the upper and lower 
internal and external bosses are machined as 
an integral part of the ring to avoid 
mechanical interferences during the 
application of the force. 

 

 

 

To read the diameter of the ring, the vibrating reed 
is set in motion by gently tapping it with a pencil. As 
the reed is vibrating, the micrometer screw on the 
spindle is adjusted until the button on the spindle just 
contacts the vibrating reed, dampening out its 
vibrations. When this occurs a characteristic buzzing 
sound is produced. At this point a reading of the 
micrometer dial indicates the diameter of the ring. 
 
The number of divisions on the micrometer dial and 
the graduation of the vernier index vary by type of 
proving ring. Typically, proving rings are designed 
to have a deflection of about 0.84 mm (0.033 in) to 
4.24 mm (0.167 in). The relative measurement 
uncertainty can vary from 0.075 %  to about 
0.0125 %. 

 
 

3.3.3. Strain gauge system 

3.3.3.1 Strain gauge 

A strain gauge (alternatively: strain gage) is a device used to measure deformation 
(strain) of an object. The most common type of strain gauge consists of a flexible backing 
which supports a metallic foil pattern etched onto the backing. As the object is deformed, 
the foil pattern is deformed, causing its electrical resistance to change. This resistance 
change, usually measured using a Wheatstone bridge circuit, can be used to calculate the 
exact amount of deformation by means of the quantity known as the gauge factor. 
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The gauge factor of a strain gauge relates strain to change in electrical resistance. The 

gauge factor GF is defined by the formula where RG is the resistance of 
the undeformed gauge, ∆R is the change in resistance caused by strain, and ε is strain. 

For measurements of small strain, semiconductor strain gauges are often preferred over 
foil gauges. A semiconductor gauge usually has a larger gauge factor than a foil gauge. 
Semiconductor gauges tend to be more expensive, more sensitive to temperature changes, 
and are more fragile than foil gauges. 

The strain gauge has been in use for many years and is the fundamental sensing 
element for many types of sensors, including pressure sensors, load cells, torque 
sensors, position sensors, etc. 
 
The majority of strain gauges are foil types, available in a wide choice of shapes 
and sizes to suit a variety of applications. They consist of a pattern of resistive foil, 
which is mounted on a backing material. They operate on the principle that as the 
foil is subjected to stress, the resistance of the foil changes in a defined way. 

 

 
 

The strain gauge is connected into a Wheatstone bridge circuit with a combination 
of four active gauges (full bridge), two gauges (half bridge), or, less commonly, a 
single gauge (quarter bridge). In the half and quarter circuits, the bridge is 
completed with precision resistors. 
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The complete Wheatstone bridge is excited with a stabilized DC supply and with 
additional conditioning electronics, can be zeroed at the null point of measurement. 
As stress is applied to the bonded strain gauge, a resistive change takes place 
and unbalances the Wheatstone bridge. This results in a signal output, related to 
the stress value. 
 
As the signal value is small, (typically a few millivolts) the signal conditioning 
electronics provides amplification to increase the signal level to 5 to 10 volts, a 
suitable level for application to external data collection systems such as recorders 
or PC Data Acquisition and Analysis Systems. 

 
 

 
Some of the many Gauge Patterns available 

 
 
 

3.3.3.2 Load cell 

A load cell is a transducer that converts force into a measurable electrical output. Although 
there are many varieties of load cells, strain gage based load cells are the most 
commonly used type. 

Load Cell History  

Before strain gage-based load cells became the method of choice for industrial weighing 
applications, mechanical lever scales were widely used. Mechanical scales can weigh 
everything from pills to railroad cars and can do so accurately and reliably if they are 
properly calibrated and maintained. The method of operation can involve either the use 
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of a weight balancing mechanism or the detection of the force developed by mechanical 
levers. The earliest, pre-strain gage force sensors included hydraulic and pneumatic 
designs. In 1843, English physicist Sir Charles Wheatstone devised a bridge circuit that 
could measure electrical resistances. The Wheatstone bridge circuit is ideal for measuring 
the resistance changes that occur in strain gages. Although the first bonded resistance wire 
strain gage was developed in the 1940s, it was not until modern electronics caught up that 
the new technology became technically and economically feasible. Since that time, 
however, strain gages have proliferated both as mechanical scale components and in 
stand-alone load cells. Today, except for certain laboratories where precision mechanical 
balances are still used, strain gage load cells dominate the weighing industry. Pneumatic 
load cells are sometimes used where intrinsic safety and hygiene are desired, and 
hydraulic load cells are considered in remote locations, as they do not require a power 
supply. Strain gage load cells offer accuracies from within 0.03% to 0.25% full scale and 
are suitable for almost all industrial applications.  

Load Cell Performance Comparison 
Type Weight 

Range 
Accuracy 
(FS) 

Apps Strength Weakness 

Mechanical Load Cells 
Hydraulic 
Load 
Cells 

Up to 
10,000,000 
lb 

0.25%  Tanks, bins 
and 
hoppers.  
Hazardous 
areas.  

Takes high 
impacts,  
insensitive to 
temperature. 

Expensive, 
complex. 

Pneumatic 
Load 
Cells 

Wide High Food 
industry, 
hazardous 
areas 

Intrinsically 
safe.  
Contains no 
fluids.  

Slow 
response.  
Requires 
clean, dry 
air 

Strain Gage Load Cells 
Bending 
Beam 
Load 
Cells 

10-5k lbs. 0.03% Tanks, 
platform 
scales,  

Low cost, 
simple 
construction 

Strain 
gages are 
exposed,  
require 
protection 

Shear 
Beam 
Load 
Cells 

10-5k lbs. 0.03% Tanks, 
platform 
scales,  
off- center 
loads 

High side 
load 
rejection, 
better  
sealing and 
protection 

  

Canister 
Load 
Cells 

to 500k lbs. 0.05%  Truck, tank, 
track, and 
hopper 
scales 

Handles 
load 
movements 

No 
horizontal 
load 
protection 

Ring and 
Pancake 

5- 500k lbs.   Tanks, bins, 
scales 

All stainless 
steel 

No load 
movement 
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Load 
Cells 

allowed 

Button 
and 
washer  
Load 
Cells 

0-50k lbs 
0-200 lbs. 
typ. 

1% Small 
scales 

Small, 
inexpensive 

Loads 
must be 
centered, 
no  
load 
movement 
permitted 

Other Load Cells 
Helical 0-40k lbs. 0.2% Platform, 

forklift, 
wheel load, 
automotive 
seat weight 

Handles off-
axis loads,  
overloads, 
shocks 

  

Fiber 
optic 

  0.1%  Electrical 
transmission 
cables, stud 
or bolt 
mounts 

Immune to 
RFI/EMI and  
high temps, 
intrinsically 
safe 

  

Piezo- 
resistive 

  0.03%   Extremely 
sensitive, 
high  
signal output 
level 

High cost, 
nonlinear 
output 
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Load Cell Operating Principles: 
 
Load cell designs can be distinguished according to the type of output signal generated 
(pneumatic, hydraulic, electric) or according to the way they detect weight (bending, 
shear, compression, tension, etc.)  
 
Hydraulic load cells are force -balance devices, measuring weight as a change in pressure 
of the internal filling fluid. In a rolling diaphragm type hydraulic load cell, a load or force 
acting on a loading head is transferred to a piston that in turn compresses a filling fluid 
confined within an elastomeric diaphragm chamber. As force increases, the pressure of the 
hydraulic fluid rises. This pressure can be locally indicated or transmitted for remote 
indication or control. Output is linear and relatively unaffected by the amount of the filling 
fluid or by its temperature. If the load cells have been properly installed and calibrated, 
accuracy can be within 0.25% full scale or better, acceptable for most process weighing 
applications. Because this sensor has no electric components, it is ideal for use in hazardous 
areas. Typical hydraulic load cell applications include tank, bin, and hopper weighing. For 
maximum accuracy, the weight of the tank should be obtained by locating one load cell at 
each point of support and summing their outputs. 
 
Pneumatic load cells also operate on the force-balance principle. These devices use 
multiple dampener chambers to provide higher accuracy than can a hydraulic device. In 
some designs, the first dampener chamber is used as a tare weight chamber. Pneumatic 
load cells are often used to measure relatively small weights in industries where cleanliness 
and safety are of prime concern. The advantages of this type of load cell include their 
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being inherently explosion proof and insensitive to temperature variations. Additionally, 
they contain no fluids that might contaminate the process if the diaphragm ruptures. 
Disadvantages include relatively slow speed of response and the need for clean, dry, 
regulated air or nitrogen.  
 
 Strain-gage load cells convert the load acting on them into electrical signals. The gauges 
themselves are bonded onto a beam or structural member that deforms when weight is 
applied. In most cases, four strain gages are used to obtain maximum sensitivity and 
temperature compensation. Two of the gauges are usually in tension, and two in 
compression, and are wired with compensation adjustments as shown in Figure 7-2. When 
weight is applied, the strain changes the electrical resistance of the gauges in proportion 
to the load. Other load cells are fading into obscurity, as strain gage load cells continue 
to increase their accuracy and lower their unit costs. 

 
Styles of Load Cells 

 

Compression Load Cells 
Compression load cells 
often have an integral 
button design. They are 
ideal for mounting 
where space is 
restricted. They offer 
excellent long term 
stability. 

 

 

Compression/Tension 
Load Cells 
Compression/tension load 
cells can be used for 
applications where the 
load may go from tension 
to compression and vice 
versa. They are ideal for 
space restricted 
environments. Threaded 
ends facilitate easy 
installation.  
 
 

 

 

S-Beam Load Cells 
S-Beam load cells get 
their name from their S 
shape. S-Beam load cells 
can provide an output if 
under tension or 
compression. 
Applications include tank 
level, hoppers and truck 
scales. They provide 
superior side load 
rejection. 

 

 

Bending Beam Load Cells 
Used in multiple load cell 
applications, tank weighing 
and industrial process 
control. They feature low 
profile construction for 
integration into restricted 
areas. 

 

 

Platform and Single 
Point Load Cells 
Platform and single point 
load cells are used to 
commercial and 

 

 

Canister Load Cells 
Canister load cells are 
used for single and multi-
weighing applications. 
Many feature an all 
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industrial weighing 
systems. They provide 
accurate readings 
regardless of the 
position of the load on 
the platform. 

stainless steel design and 
are hermetically sealed for 
washdown and wet areas. 

 

Low Profile Load Cells 
Compression and 
tension/compression 
load cells. Mounting 
holes and female 
threads provide easy 
installation. Used 
frequently in weighing 
research and in-line 
force monitoring. 

    

 
 
3.3.3.2.1Description 

A load cell is typically an electronic device (transducer) that is used to convert a force into 
a differential electrical signal. This device normally consists of four strain gauges in a 
wheatstone bridge configuration. The electrical signal is normally in the order of a few 
millivolts and requires amplification by an Instrumentation amplifier before it can be used. 

Although electronic load cells are the most common, there are other types of load cells as 
well. Hydraulic (or hydrostatic) is probably the second most common. 

These other technologies are utilized to eliminate some problems with electronic load cell 
devices. As an example, a hydraulic load cell is immune to transient voltages (lightning) so 
might be a more effective device in outdoor environments. 

3.3.3.2.2 Applications 

• Scales  
• Truck weight stations  
• Tension measuring  
• Force Measurement  
• Railcar weighing  
• Hopper, tank and vessel weighing  

 

3.4. Torque measurement  

Torque is one of the mechanical quantity, which is also called “moment”. It is measured by 
unit Nm. Generally, Nm is same with Joule but Joule usually used for describing a unit for 
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energy. Torque measurement is related to find generated or absorbed power at the 
rotating machine. 

There have several machines that apply and measure a torque. Usually these types of 
machine is used exclusively for power measurement, which known as brakes or 
dynamometer. 

Other method for measuring torque includes: 

• direct strain method  
• angular displacement method  

3.5. Power measurement 

A dynamometer or "dyno" for short is a device used to measure power and torque 
produced by an engine. It is said to be created by the "Father of Computing" Charles 
Babbage.There are two types of dynos; One that gets bolted directly to an engine, 
known as an engine dyno, or a dyno that can measure power and torque without 
removing the engine from the frame of the vehicle, this is known as a chassis dyno. 
 

In general, Dynamometers are useful in the development and refinement of modern day 
engine technology. The concept is to use a dyno to measure and compare power transfer 
at different points on a vehicle, thus allowing the engine or drivetrain to be modified to 
get more efficient power transfer. For example, if an engine dynamo shows that a 
particular engine achieves 400 N·m (300 lbf·ft) of torque, and a chassis dynamo shows 
only 350 N·m (260 lbf·ft), one would know to look to the drivetrain for the major 
improvements. Dynamometers are typically very expensive pieces of equipment, reserved 
for certain fields that rely on them for a particular purpose. 

 
 
 
General workings 
 

 

 78



 

The dynamometer applies various loads on the engine and measures the engine's ability 
to move the load. The dynamometer is connected to a computer which uses math to 
calculate the output of the engine. The engine is run from idle to its maximum RPM and the 
output is measured and plotted on a graph. Nearly all aspects of engine operation are 
measured during a dyno run. 

 
Engine dynamometer 

An engine dynamometer measures power and torque directly from the engine's crankshaft 
(or flywheel), when the engine is removed from the vehicle. These dynos do not account for 
power losses in the drivetrain, such as the gearbox, transmission or differential etc. 

 
Chassis dynamometer 

A chassis dynamometer measures power from the engine through the wheels. The vehicle is 
parked on rollers which the car then turns and the output is measured. These dynos can be 
fixed or portable. 
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Figure: Saab 96 on chassis dynamometer 

Absorption type dynamometer 

This type of dynamometer measures torque (and power) by dissipating mechanical 
energy and are suitable for power measurement of engines (such as internal combustion 
and gas turbine engines) and electrical motors (ac and dc motors). A Prony brake, water 
brake, and cradled electric motor are of this type. 

Driving type dynamometer 

This type of dynamometer measures torque (and power) and supply energy to operate 
the device being tested. This is convenient for testing such devices as pumps and 
compressors, which require a driving source. A rotating electric machine can be used as a 
driving dynamometer. 
 

3.6. Temperature measurement 

3.6.1 Introduction 

In analyzing mechanical system, until now, only three basic quantities is required: 
displacement (L), time (T) and mass (M). Other mechanical quantities such as energy, force 
and momentum can be described by these basic quantities. However, heat or thermal 
phenomenon need for one more basic quantity, which is temperature. 

Temperature in the system is a characteristic that ensure whether it is in heat equilibrium 
with other systems. When two or more systems are in heat equilibrium, there have same 
temperature. 
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3.6.2 Temperature scale 

The two temperature scales in use are the Fahrenheit and Celsius scales. These scales are 
based on a specification of the number of increments between the freezing point and 
boiling point of water at standard atmospheric pressure. The Celsius scale has 100 units 
between these points, while the Fahrenheit scale has 180 units. The absolute Celsius scale 
is called the Kelvin scale, while the absolute Fahrenheit scale is termed as the Rankine 
scale. Both absolute scales are so defined that they will correspond as closely as possible 
with the absolute scales represent the same physical state, and the ratio of two values is 
the same, regardless of the absolute scale used; i.e., 

2 2

1 1Rankine Kelvin

T T
T T

   
=   

   
 

The boiling point of water at 1 atm is arbitrarily taken as 100o on the Celsius scale and 
212O on the Fahrenheit scale. The following relationship apply for conversion: 
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3.6.3 Temperature measurement technique 

There have several methods that usually used for temperature measurement: 

• deformation in solid, liquid and gas 
• deformation in electrical resistance and voltage 
• deformation in radiation 
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3.6.3.1 Deformation in solid, liquid and gas 

Bi-metallic strip 

Fundamentals 

A bi-metallic strip is used to convert a temperature change into mechanical displacement. 

The strip consists of two layers, usually iron and copper. The two layers are joined 
together to form the strip. 

Owing to the difference in the constants of expansion of the two materials, a flat strip will 
bend one way (toward the iron part) if heated, and in the opposite direction if cooled 
below its normal temperature. 

In some applications the bi-metal strip is used in the flat form. In others, it is wrapped into 
a coil, which gives greater sensitivity in a compact space. 

 
Applications 

Thermostats 

In regulating thermostats that operate over a wide range of temperatures the bi-metal 
strip is mechanically fixed and attached to an electrical power source while the other 
(moving) end carries an electrical contact. In adjustable thermostats another contact is 
positioned with a regulating knob or lever. The position so set controls the regulated 
temperature, called the set point. 

Some thermostats use a mercury switch connected to both electrical leads. The angle of the 
entire mechanism is adjustable to control the set point of the thermostat. 

Depending upon the application, a higher temperature may open a contact (as in a heater 
control) or it may close a contact (as in a refrigerator or air conditioner. 

The electrical contacts may control the power directly (as in a household iron) or indirectly, 
switching electrical power through a relay or the supply of natural gas or fuel oil through 
an electrically operated valve. In some natural gas heaters the power may be provided 
with a thermocouple that is heated by a pilot light (a small, continuously burning flame). In 
devices without pilot lights for ignition (as in most modern gas clothes dryers and some 
natural gas heaters and decorative fireplaces) the power for the contacts is provided by 
reduced household electrical power that operates a relay controlling an electronic ignitor, 
either a resistance heater or an electrically powered spark generating device. 

For an illustration of a bi-metal element in a simple thermostat, see the thermostat entry. 
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Thermometers 

A direct indicating dial thermometer (such as a patio thermometer or a meat thermometer) 
uses a bi-metallic strip wrapped into a coil, as does a common household thermostat. One 
end of the coil is fixed to the chassis of the device and the other is connected to an 
indicating needle. 

Bimetallic thermometer 

A thermometer. The sensitive element of which consists of two metal strips that have 
different coefficients of expansion and are brazed together. The distortions of the system 
in response to temperature variations are used as a measure of temperature. It is a type 
of deformation thermometer. 
 
 

3.6.3.2 Deformation in electrical resistance and voltage 

Thermocouple 

In electronics, thermocouples are a widely used type of temperature sensor. They are 
cheap, interchangeable, have standard connectors and can measure a wide range of 
temperatures. The main limitation is accuracy; system errors of less than 1 °C can be 
difficult to achieve. 

A thermopile is a group of thermocouples connected in series. 

Principle of operation 

In 1822, an Estonian physicist named Thomas Johann Seebeck discovered that when any 
conductor (such as a metal) is subjected to a thermal gradient, it will generate a small 
voltage. Thermocouples make use of this so-called Peltier-Seebeck effect. 

Thermocouples produce an output voltage which depends on the temperature difference 
between the junctions of two dissimilar metal wires. It is important to appreciate that 
thermocouples measure the temperature difference between two points, not absolute 
temperature.  
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In most applications, one of the junctions — the "cold junction" — is maintained at a known 
(reference) temperature, whilst the other end is attached to a probe. For example, in the 
image below, the cold junction will be at copper tracks on the circuit board. Another 
temperature sensor will measure the temperature at this point, so that the temperature at 
the probe tip can be calculated. 

 

The relationship between the temperature difference and the output voltage of a 
thermocouple is nonlinear and is given by a complex polynomial equation (which is fifth to 
ninth order depending on thermocouple type). To achieve accurate measurements some 
type of linearisation must be carried out, either by a microprocessor or by analogue 
means. 

Different types 

A variety of thermocouples are available, suitable for different measuring applications 
(industrial, scientific, food temperature, medical research, etc.). 

• Type K (Chromel (Ni-Cr alloy) / Alumel (Ni-Al alloy))  

The "general purpose" thermocouple. It is low cost and, owing to its popularity, it is 
available in a wide variety of probes. They are available in the −200 °C to +1200 °C 
range. Sensitivity is approximately 41 µV/°C. 

• Type E (Chromel / Constantan (Cu-Ni alloy))  

Type E has a high output (68 µV/°C) which makes it well suited to low temperature 
(cryogenic) use. Another property is that it is non-magnetic. 

• Type J (Iron / Constantan)  

Limited range (−40 to +750 °C) makes type J less popular than type K. The main 
application is with old equipment that cannot accept "modern" thermocouples. J types 
cannot be used above 760 °C as an abrupt magnetic transformation causes permanent 
decalibration. 

• Type N (Nicrosil (Ni-Cr-Si alloy) / Nisil (Ni-Si alloy))  
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High stability and resistance to high temperature oxidation makes type N suitable for high 
temperature measurements without the cost of platinum (B, R, S) types. Designed to be an 
"improved" type K, it is becoming more popular. 

Thermocouple types B, R, and S are all noble metal thermocouples and exhibit similar 
characteristics. They are the most stable of all thermocouples, but due to their low 
sensitivity (approximately 10 µV/°C) they are usually only used for high temperature 
measurement (>300 °C). 

• Type B (Platinum-Rhodium/Pt-Rh)  

Suited for high temperature measurements up to 1800 °C. Unusually type B thermocouples 
(due to the shape of their temperature-voltage curve) give the same output at 0 °C and 
42 °C. This makes them useless below 50 °C. 

• Type R (Platinum / Rhodium)  

Suited for high temperature measurements up to 1600 °C. Low sensitivity (10 µV/°C) and 
high cost makes them unsuitable for general purpose use. 

• Type S (Platinum / Rhodium)  

Suited for high temperature measurements up to 1600 °C. Low sensitivity (10 µV/°C) and 
high cost makes them unsuitable for general purpose use. Due to its high stability type S is 
used as the standard of calibration for the melting point of gold (1064.43 °C). 

• Type T (Copper / Constantan)  

Suited for measurements in the −200 to 0 °C range. The positive conductor is made of 
copper, and the negative conductor is made of constantan. 

Thermocouples are usually selected to ensure that the measuring equipment does not limit 
the range of temperatures that can be measured. Note that thermocouples with low 
sensitivity (B, R, and S) have a correspondingly lower resolution. 

 

Resistance Temperature Detector (including compensated Wheatstone bridge) 

What is a Resistance Temperature Detector? Resistance Temperature Detectors (RTD), as 
the name implies, are sensors used to measure temperature by correlating the resistance 
of the RTD element with temperature. Most RTD elements consist of a length of fine coiled 
wire wrapped around a ceramic or glass core. The element is usually quite fragile, so it is 
often placed inside a sheathed probe to protect it. The RTD element is made from a pure 
material whose resistance at various temperatures has been documented. The material has 
a predictable change in resistance as the temperature changes; it is this predictable 
change that is used to determine temperature.  
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Common Resistance Materials for RTDs: 

�  Platinum (most popular and accurate) 
�  Nickel  
�  Copper  
�  Balco (rare)  
�  Tungsten (rare)  

   

 

 

Benefit of using RTD 

The RTD is one of the most accurate 
temperature sensors. Not only does it 
provide good accuracy, it also provides 
excellent stability and repeatability. 
Most OMEGA standard RTDs comply 
with DIN-IEC Class B. The accuracy of an 
OMEGA standard RTDs is shown in the 
table on the right. 
 
RTDs are also relatively immune to 
electrical noise and therefore well suited 
for temperature measurement in 
industrial environments, especially 
around motors, generators and other 
high voltage equipment.  

Accuracy for Standard OMEGA RTDs  
Temperature  

°C   Ohms     °C   

-200 ±056 ±1.3 
-100 ±0.32 ±0.8 

0 ±0.12 ±0.3 
100 ±0.30 ±0.8 
200 ±0.48 ±1.3 
300 ±0.64 ±1.8 
400 ±0.79 ±2.3 
500 ±0.93 ±2.8 
600 ±1.06 ±3.3 
650 ±1.13 ±3.6 
700 ±1.17 ±3.8 
800 ±1.28 ±4.3 
850 ±1.34 ±4.6  
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Styles of RTD 

RTD Elements 
The RTD element is the simplest form of RTD. It consists of 
a piece of wire wrapped around a ceramic or glass 
core. Because of their compact size, RTD elements are 
commonly used when space is very limited.  

 
 

 

RTD Surface Elements 
A surface element is a special type of RTD element. It is 
designed to be as thin as possible thus providing good 
contact for temperature measurement of flat surfaces. 

 

RTD Probes 
The RTD probe is the most rugged form of RTD. A probe 
consists of an RTD element mounted inside a metal tube, 
also known as a sheath. The sheath protects the element 
from the environment. OMEGA offers a wide variety of 
probes in various configurations. 

 

Wheatstone bridge 

A Wheatstone bridge is a measuring instrument invented by Samuel Hunter Christie in 
1833 and improved and popularized by Sir Charles Wheatstone in 1843. It is used to 
measure an unknown electrical resistance by balancing two legs of a bridge circuit, one 
leg of which includes the unknown component. Its operation is similar to the original 
potentiometer except that in potentiometer circuits the meter used is a sensitive 
galvanometer. 
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Here, Rx is the unknown resistance to be measured; R1, R2 and R3 are resistors of known 
resistance and the resistance of R2 is adjustable. If the ratio of the two resistances in the 
known leg (R2/R1) is equal to the ratio of the two in the unknown leg (Rx/R3), then the 
voltage between the two midpoints will be zero and no current will flow between the 
midpoints. R2 is varied until this condition is reached. The current direction indicates if R2 is 
too high or too low. 

Detecting zero current can be done to extremely high accuracy Therefore, if R1, R2 and 
R3 are known to high precision, then Rx can be measured to high precision. Very small 
changes in Rx disrupt the balance and are readily detected. 

Alternatively, if R1, R2, and R3 are known, but R2 is not adjustable, the voltage or current 
flow through the meter can be used to calculate the value of Rx. This setup is frequently 
used in strain gauge measurements, as it is usually faster to read a voltage level off a 
meter than to adjust a resistance to zero the voltage. 

The Wheatstone bridge illustrates the concept of a difference measurement, which can be 
extremely accurate. Variations on the Wheatstone bridge can be used to measure 
capacitance, inductance, impedance and other quantities, such as the amount of 
combustible gases in a sample, with an explosimeter. The Kelvin bridge was one specially 
adapted for measuring very low resistances. This was invented in 1861 by William 
Thomson, Lord Kelvin. 

The concept was extended to alternating current measurements by James Clerk Maxwell 
in 1865, and further improved by Alan Blumlein in about 1926. 
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3.6.3.3 Deformation in radiation 

A pyrometer is non-contact temperature measuring device, generally the term is applied 
to instruments measuring temperatures above 600 degrees Celsius. It is typically used to 
measure temperatures of glowing hot metals in a steel mill or foundry. It is also known as 
an optical pyrometer. 

One of the most common pyrometers is the absorption-emission pyrometer which is a 
thermometer for determining gas temperature from measurement of the radiation emitted 
by a calibrated reference source before and after this radiation has passed through and 
been partially absorbed by the gas. Both measurements are made over the same 
wavelength interval. 

To measure the temperature of incandescent metals, you look through the pyrometer at 
the glowing metal, and turn a knob or ring which adjusts the temperature of a glowing 
filament projected into your field of view. When the color of the filament matches the 
color of the metal, you can read the temperature from a scale on the filament color 
adjusting knob/ring. 

Pyrometer 

 
Optical pyrometers measure the radiation from the target in a narrow band of 
wavelengths of the thermal spectrum. The oldest devices use the principle of optical 
brightness in the visible red spectrum around 0.65 microns. These instruments are also 
called single color pyrometers. Optical pyrometers are now available for measuring 
energy wavelengths that extend into the infrared region. The term single color pyrometer 
has been broadened by some authors to include narrow band radiation thermometers as 
well.  
  Some optical designs are manually operated as shown in Figure 3-8. The operator sights 
the pyrometer on target. At the same time he/she can see the image of an internal lamp 
filament in the eyepiece. In one design, the operator adjusts the power to the filament, 
changing its color, until it matches the color of the target. The temperature of the target is 
measured based upon power being used by the internal filament. Another design 
maintains a constant current to the filament and changes the brightness of the target by 
means of a rotatable energy-absorbing optical wedge. The object temperature is related 
to the amount of energy absorbed by the wedge, which is a function of its annular 
position.  

 

 89



 
Typical Configuration of an Industrial

Infared Temperature Probe 

Automatic optical pyrometers, sensitized to measure in the infrared region, also 
are available. These instruments use an electrical radiation detector, rather than the 
human eye. This device operates by comparing the amount of radiation emitted by the 
target with that emitted by an internally controlled reference source. The instrument output 
is proportional to the difference in radiation between the target and the reference. A 
chopper, driven by a motor, is used to alternately expose the detector to incoming 
radiation and reference radiation. In some models, the human eye is used to adjust the 
focus. Figure 3-9 is a schematic of an automatic optical pyrometer with a dichroic mirror. 
Radiant energy passes through the lens into the mirror, which reflects infrared radiation to 
the detector, but allows visible light to pass through to an adjustable eyepiece. The 
calibrate flap is solenoid-operated from the amplifier, and when actuated, cuts off the 
radiation coming through the lens, and focuses the calibrate lamp on to the detector. The 
instrument may have a wide or narrow field of view. All the components can be packaged 
into a gun-shaped, hand-held instrument. Activating the trigger energizes the reference 
standard and read-out indicator. Optical pyrometers have typical accuracy in the 1% to 
2% of full-scale range.  

 
Figure 3-8 Optical Pyrometry By Visual comparison
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Figure 3-9: An Automatic Optical Pyromer 

 

3.7. Pressure measurement 

3.7.1 Introduction 

Pressure is defined as a force per unit area - and the most accurate way to measure low 
air pressure is to balance a column of liquid of known weight against it and measure the 
height of the liquid column so balanced. The units of measure commonly used are inches of 
mercury (in. Hg), using mercury as the fluid and inches of water (in. w.c.), using water or oil 
as the fluid. 

Unit Conversion 
 

1 lbf/in   = 0.07031 kgf/cm2 = 6865 N/m2 

1 tonf/in = 157.5 kgf/cm2     = 15.44 MN/m2 

1 kgf/cm2 = 0.09807 MN/m2 = 0.9807 bar  

1 lbf/ft2 =  47.88 N/m2 

1 ftH2O = 62.43  lbf/ft2 = 2989 N/m2 

1 inHg = 70.73 lbf/ft2 = 3386 N/m2 

1 mmHg = 1 torr = 133.3 N/m2 

1 bar = 14.50 1bf/in2 = 105 N/m2 

1 Atm = 14.70 lbf/in2 = 10.3 mH2 O = 1.013 x 105 N/m2 
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3.7.2 Pressure gauge and absolute pressure 

Many techniques have been developed for the measurement of reduced pressures. 
Gauges are either direct- or indirect-reading. Those that measure pressure by calculating 
the force exerted on the surface by incident particle flux are called direct reading 
gauges. Indirect gauges record the pressure by measuring a gas property that changes in 
a predictable manner with gas density. 

Absolute Pressure – Pressure measurement relative to atmospheric pressure 
Gage Pressure – Gage pressure is the pressure indicated on a gage. As pressure is 

normally measured as a difference from another pressure (typically atmospheric 
pressure); the gauge will only read the pressure difference—not the absolute pressure. 

Vacuum Pressure – occurs when pressure is negative in gauge pressure 

Absolute Pressure = Atmospheric Pressure ± Pressure Gauge 

 

 
Pressure gauge 

 
Atmospheric pressure 

 
Vacuum pressure 

Absolute 
pressure 

 

 

Zero-pressure  

 

Figure 1  

 

3.7.3 Pressure measurement technique 

3.7.3.1 Elastic deformation method 

Bourdon tube 

In 1849 the Bourdon tube pressure gauge was patented in France by Eugene Bourdon. 

A pressure or vacuum gauge usually consists of a closed coiled tube connected to the 
chamber or pipe in which pressure is to be sensed. As the pressure increases the tube will 
tend to uncoil, while a reduced pressure will cause the tube to coil more tightly. This motion 
is transferred through a link to a gear train connected to an indicating needle. The needle 
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is presented in front of a card face inscribed with the pressure indications associated with 
particular needle deflections. 

In the following pictures the transparent cover face has been removed and the mechanism 
removed from the case. This particular gauge is a combination vacuum and pressure 
gauge used for automotive diagnosis. The left side of the face, used for measuring 
manifold vacuum, is calibrated in centimeters of mercury vacuum on its inner scale and 
inches of mercury vacuum in its outer scale. The right portion of the face is used to measure 
fuel pump pressure and is calibrated in kilograms per square centimeter on its inner scale 
and pounds per square inch on its outer scale. 

 

 
Figure: Indicator Side 

Mechanical details 

 
Figure: Mechanical Side 

 
Figure: Mechanical Details 
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Stationary parts: 

A: Receiver block. This joins the inlet pipe to the fixed end of the Bourdon tube (1) and 
secures the chassis plate (B). The two holes receive screws that secure the case. 

B: Chassis Plate. The face card is attached to this. It contains bearing holes for the axles. 

C: Secondary Chassis Plate. It supports the outer ends of the axles. 

D: Posts to join and space the two chassis plates. 

Moving Parts 

1: Stationary end of Bourdon tube. This communicates with the inlet pipe through the 
receiver block. 

2: Moving end of Bourdon tube. This end is sealed. 

3: Pivot and pivot pin. 

4: Link joining pivot pin to lever (5) with pins to allow joint rotation. 

5: Lever. This an extension of the sector gear (7). 

6: Sector gear axle pin. 

7: Sector gear. 

8: Indicator needle axle. This has a spur gear that engages the sector gear (7) and 
extends through the face to drive the indicator needle. Due to the short distance between 
the lever arm link boss and the pivot pin and the difference between the effective radius 
of the sector gear and that of the spur gear, any motion of the Bourdon tube is greatly 
amplified. A small motion of the tube results in a large motion of the indicator needle. 

9: Hair spring to preload the gear train to eliminate gear lash and hysteresis. 

 

Diaphragms and Bellows 

One common element used to convert pressure information into a physical displacement is 
the diaphragm. A diaphragm is like a spring, and therefore extends or contracts until a 
Hooke's law force is developed that balances the pressure difference force. A diaphragm 
(membrane or corrugated) is a thin elastic circular plate supported about its 
circumference. Membranes are made of metal or nonmetallic material, such as plastic. The 
material chosen depends on the pressure range expected and the fluid in contact with it. 
Diaphragm type pressure transducers are well suited for both static and dynamic pressure 
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measurements. They have good linearity and resolution, as well as fast speed of response 
compared with the tube and bellows types. 

 

While a bellows (See Figure 4) is another device much like the diaphragm that converts a 
pressure differential into a physical displacement, except that here the displacement is 
much more a straight-line expansion. Figure 4 also shows how an LVDT can be connected 
to the bellows so that the pressure measurement is converted directly from displacement to 
voltage. In addition, the displacement and pressure are nearly linearly related, and 
because the LVDT voltage is linear with displacement, the voltage and pressure are also 
linearly related.  

 

Figure 4. Bellows 

 
3.7.3.2 Liquid columns method 

Manometer 

A manometer is a pressure measuring instrument, often also called pressure gauge. Liquid 
manometers, because of inherent accuracy and simplicity, have applications in every 
industry and laboratory. They are unique in being both basic pressure measurement 
instruments and standards for calibration of other instruments. Despite their simplicity and 
wide usage, their principle of operation, the advantages of various types and the basic 
accuracy factors associated with them are not known by all.  
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The manometer has many advantages in this age of technology. Containing no mechanical 
moving parts, needing nothing but the simplest of measurements, the primary standard 
manometer is readily available at modest cost. The principle of the manometer has not 
changed since its inception, however great strides have been made in its arrangement and 
the application of the instrument to various industrial measurement requirements. Whereas 
formerly the manometer was considered a laboratory instrument, today we find the 
manometer commonly used to measure pressures ranging from as high as 600 inches of 
mercury to space vacuums. 

The manometer utilizes the hydrostatic (standing liquid) balance principle wherein a 
pressure is measured by the height of the liquid it will support. For example, the weight of 
a column of mercury at 0 deg C that is one inch high and one inch in cross sectional area is 
.4892 pounds. Thus we can say that a column of mercury one inch high imposes a force of 
.4892 pounds per square inch or .4892 PSI. 

Description 

The oldest type is the liquid-column manometer. A very simple version is a U-shaped tube 
half-full of liquid where the measured pressure is applied to one side of the tube whilst 
the reference pressure (which might be that of the atmosphere) is applied to the other. The 
difference in liquid level represents the applied pressure. It is quite easy to make a 
homemade manometer. 

A single-limb liquid-column manometer has a larger reservoir instead of one side of the U-
tube and has a scale beside the narrower column. The column may be inclined to further 
amplify the liquid movement. Liquid-column manometers can be used to measure small 
differences between great pressures. 

 
Figure: Membrane-type manometer 

A second type uses the deflection of a flexible membrane that seals a fixed pressure 
reference volume to determine the pressure. The amount of deflection is repeatable for 
known pressures so the pressure can be determined using a lookup table. 

A third variant (Bourdon gauge) uses a coiled tube which as it expands due to pressure 
increase causes a rotation of an arm connected to the tube. 
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One use of manometers is to measure vacuum pressures, especially in the range from 
0.001 atmospheres to 1 atm. They are helpful because the deflection of the manometer is 
not dependent upon the type of gas being measured, unlike other types of vacuum 
gauges in this pressure range. The deflection of the piston is often one half of a capacitor, 
so that when the piston moves, the capacitance of the device changes. This is a common 
way (with proper calibrations) to get a very precise, electronic reading from a 
manometer, and this configuration is called a capacitive manometer vacuum gauge. 

U-type manometer 

The manometer principle is most easily demonstrated in the U-type manometer illustrated 
in Figure 1. Here, with both legs of the instrument open to atmosphere or subjected to the 
same pressure, gravity forces the surfaces of the liquid to be at exactly the same level or 
reference zero.  

As illustrated in Figure 2, if a pressure is applied to the left side of the instrument the 
applied pressure depresses the fluid in the left leg and raises it in the right until the unit 
weight of the fluid as indicated by "H" exactly balances the pressure. Thus, if the fluid in 
one side stands two inches higher than the fluid in the other, and the fluid is mercury, the 
pressure balanced is 2x.4892 or .9784 PSI.  
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Note that only the height of the fluid from the surface in one tube to the surface in the 
other is the actual height fluid opposing and balancing the pressure. This is true regardless 
of the shape or size of the tubes. If the tubes are unsymmetrical, more or less fluid may be 
moved from one to the other, but the height of fluid required to obtain equilibrium is 
independent of all but the fluid density and vertical height. 

Table 1 shows the equivalent values for various common indicating fluids at 71.6 Deg F or 
22 Deg C and demonstrates the versatility of the manometer. When using water as the 
indicating fluid, a 10" fluid height will be seen to measure .360 PSI. With the same 
instrument using mercury, 4.892 PSI can be measured. This is a range of 13.57 to 1. This 
principle is common to all types of manometers and when measurements made seem 
erroneous we can refer to these facts for clarification. 

Table 1 
Conversion Tables for Merium Manometer Fluids 

(All fluids at a temperature of 71.6 Deg F (22 Deg C) 
 

1 Inch of Water equals 
.0360 lbs/sq. in.  
.5760 oz/sq. in. 
.0737 in. mercucy 
.3373 in. #3 fluid 
1.2131 in. Red Oil 

 

 1 Foot of Water equals 
.4320 lbs/sq. in.  
6.9120 oz/sq. in 
.8844 in. mercury 
4.0476 in. #3 fluid 
14.5572 in. Red Oil 
62.208 lbs/sq. ft. 

 

 

 

 

1 Inch of Mercury equals 
.4892 lbs/sq. in.  
7.8272 oz/sq. in. 
4.5782 in. #3 fluid 
13.5712 in. water 
1.1309 ft. water 
16.4636 in. Red Oil 

 

1 Inch of Red Oil equals 
.0297 lbs/sq. in.  
.4752 oz/sq. in 
.0607 in. mercury 
.2781 in. #3 fluid 
.8243 in. water 
1 Inch #3 Fluid Equals  
.1068 lbs/sq. in. 
1.7088 oz./sq. in. 
.2184 in. mercury 
2.9643 in. water 
3.5961 in. Red Oil 
1 ounce/sq. in. equals  
.1228 in. mercury 
.5849 in. #3 fluid 
2.1034 in. Red Oil 
1.7336 in. water 
1 pound/sq. in. equals  
2.0441 in. mercury 
27.7417 in. water 
9.3586 in. #3 fluid 
2.3118 ft. water 
33.6542 in. Red Oil 

 

 
 
Types of Pressure Measurement 
 
There are three types of pressure measurement: Positive pressure or gauge pressure are 
those greater than atmospheric; negative pressures or vacuums are pressures less than 
atmospheric; differential pressure is the difference between two pressures.  
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All three types are readily measured with the manometer, which in itself is somewhat 
unusual. Connecting one leg of the U-tube to a source of gauge pressure, as illustrated in 
Figure 2, depresses the fluid in the connected leg and raises it in the vented leg. If, 
however, our air supply line should be changed to a vacuum line, the only effect would be 
to reverse the fluid movement and it would rise in the connected leg and recede in the 
open leg. 

Differential pressures are measured by connecting one leg to each of the two pressures. 
Then the higher pressure depresses the fluid in one leg while the lower pressure allows the 
fluid to rise in the other: Again the true differential is measured by the difference in height 
of fluid in the two legs. At the same time the manometer indicates which of the two 
pressures is higher, since the higher pressure depresses the fluid column. 

Well-type manometer 

The principles of manometric measurements have been discussed in reference to the U-
type manometer. However the manometer has been arranged in other forms to provide 
greater convenience and to meet varying service requirements. The well type manometer 
is one of these variations. As illustrated in Figure 3, if one leg of the manometer is 
increased many times in area to that of the other, the volume of fluid displaced will 
represent very little change of height in the smaller area leg. This condition results in an 
ideal arrangement whereby it is necessary to read only one convenient scale adjacent to 
a single indicating tube rather than two in the U-type. The larger area leg is called the 
"well".  

For this reason, the well type lends itself to use of direct reading scales graduated in 
meaningful units for the process or test variable involved. It does, however, place certain 
operational requirements not found with the U-type. The higher pressure source being 
measured must always be connected to the well connection "P". A lower pressure source 
must always be connected to the top of the tube, and a differential pressure must always 
have the higher pressure source connected at the well connection "P". In any measurement 
the source of pressure must be connected in a manner that will cause the indicating fluid to 
rise in the indicating tube. 

The true pressure still follows the principles previously outlined and is measured by the 
difference between the fluid surfaces. It is apparent that there must be some drop in the 
well level. This is readily compensated for by spacing the scale graduations in the exact 
amount required to reflect and correct for this "well drop". By carefully controlling 
tolerances of the well area and internal diameter of the indicating tube, Meriam well type 
manometers and scales are manufactured to a high degree of accuracy. 
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Inclined manometer 

Many applications require accurate measurement of low pressure such as drafts and very 
low differentials, primarily in air and gas installations. In these applications the manometer 
is arranged with the indicating tube inclined, as in Figure 4, therefore providing an 
expanded scale. This arrangement can allow 12" of scale length to represent 1" of 
vertical liquid height. With scale subdivisions to .01 inches of liquid height, the equivalent 
pressure of .000360 PSI per division can be read using water as the indicating fluid. 
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Barometer 

 
 

Figure: Schematic drawing of a simple mercury barometer with vertical mercury column 
and reservoir at base 

A barometer is an instrument used to measure atmospheric pressure. 

Water-based barometers 

This concept of "decreasing pressure means bad weather" is the basis for a primitive 
weather prediction device called a weather glass or thunder glass. It can also be called a 
"storm glass" or a "Goethe thermometer" (the writer Goethe popularized it in Germany). 

It consists of a glass container with a spout. The container is filled with water up to about 
the middle of the spout; some air is left in the main body of the container. The design is 
such that when the air pressure decreases, the pressure of the air pocket inside the device 
will push some of the water up the spout. If the air pressure is low enough, some of the 
water may even drip out of the spout. These devices are essentially a water-based 
version of the mercury barometer. The "Thunder Glass" is extremely susceptible to the 
ambient temperature which will alter the height of the water column in the spout. 

Mercury barometers 

A standard mercury barometer has a glass column of about 30 inches (about 76 cm) in 
height, closed at one end, with an open mercury-filled reservoir at the base. Mercury in 
the tube adjusts until the weight of the mercury column balances the atmospheric force 
exerted on the reservoir. High atmospheric pressure places more downward force on the 
reservoir, forcing mercury higher in the column. Low pressure allows the mercury to drop to 
a lower level in the column by lowering the downward force placed on the reservoir. 

The first barometer of this type was devised by Evangelista Torricelli, a student of Galileo 
Galilei, in 1643. Torricelli had set out to create a perfect vacuum, and an instrument to 
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measure air pressure. He succeeded in creating a vacuum in the top of a tube of mercury. 
Torricelli also noticed that the level of the fluid in the tube changed slightly each day and 
concluded that this was due to the changing pressure in the atmosphere. He wrote: "We 
live submerged at the bottom of an ocean of elementary air, which is known by 
incontestable experiments to have weight". 

The mercury barometer's design gives rise to the expression of atmospheric pressure in 
inches or millibars: the pressure is quoted as the level of the mercury's height in the vertical 
colum. 1 atmosphere is equivalent to about 29.9 inches of mercury. The use of this unit is 
still popular in the United States, although it has been disused in favor of SI or metric units 
in other parts of the world. Barometers of this type can usually measure atmospheric 
pressures in the range between 28 and 31 inches of mercury. 

Aneroid barometers 

Another type of barometer, the aneroid barometer, uses a small, flexible metal box 
called an aneroid cell. The box is tightly sealed after some of the air is removed, so that 
small changes in external air pressure cause the cell to expand or contract. This expansion 
and contraction drives a series of mechanical levers and other devices which are 
displayed on the face of the aneroid barometer. 

 
Applications 

A barometer is commonly used for weather prediction, as high air pressure in a region 
indicates fair weather while low pressure indicates that storms are more likely. Localized 
high atmospheric pressure acts as a barrier to approaching weather systems, diverting 
their course. Low atmospheric pressure, on the other hand, represents the path of least 
resistance for a weather system, making it more likely that low pressure will be associated 
with increased storm activity. 

Temperature 

The density of mercury will change with temperature, so a reading must be adjusted for 
the temperature of the instrument. For this purpose a mercury thermometer is usually 
mounted on the instrument. No such compensation is required for an aneroid barometer. 

Altitude 

As the air pressure will be reduced at altitudes above sea level (and increased below sea 
level) the actual reading of the instrument will be dependent upon its location. This 
pressure is then converted to an equivalent sea-level pressure for purposes of reporting 
and for adjusting aircraft altimeters (as aircraft may fly between regions of varying 
normalized atmospheric pressure owing to the presense of weather systems). Aneroid 
barometers have a mechanical adjustment for altitude that allows the equivalent sea level 
pressure to be read directly and without further adjustment if the instrument is not moved 
to a different altitude. 
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Piezometer 

Applications 

Typical applications for piezometers are:  

 Monitoring pore water pressures to determine safe rates of fill or 
excavation.  

 Monitoring pore water pressures to evaluate slope stability.  

 Monitoring dewatering systems used for excavations.  

 Monitoring ground improvement systems, such as vertical drains 
and sand drains.  

 Monitoring pore pressures to check the performance of earthfill 
dams and embankments.  

 Monitoring pore pressures to check containment systems at 
landfills and tailings dams.  

 

Types of Piezometers 

Standpipe Piezometers  

The standpipe piezometer, which is installed in a borehole, consists of a 
filter tip joined to a riser pipe. Readings are obtained with a water level 
indicator. 

Limitations: Accuracy depends on skill of operator; reading requires a 
man on site; remote reading not possible; slower to show changes in pore-
water pressure.  
 
Applications 

Standpipe piezometers are used to monitor piezometric water levels. 
Observation wells are used to monitor ground water levels. Typical 
applications include:  

 Monitoring pore-water pressure to determine the stability of slopes, 
embankments, and landfill dikes.  

 Monitoring ground improvement techniques such as vertical drains, 
sand drains, and dynamic compaction.  

 Monitoring dewatering schemes for excavations and underground o

Monitoring 

penings.  

 seepage and ground water movement in embankments, landfill dikes, 
and dams.  
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 Monitoring water drawdown during pumping tests.  

 
In

he standpipe piezometer, which is installed in a borehole, consists of a filter tip joined to 
he filter tip is placed in a sand zone and a bentonite seal is placed above 

the sand to isolate the pore water pressure at the tip. The annular space between the riser 

No bentonite seals are placed and the borehole is backfilled with 
gravel or sand rather than a bentonite grout. The top of the borehole is sealed to prevent 

ater levels in either the standpipe piezometer or the observation well are measured 
r level indicator. The water level indicator consists of a probe, a graduated 

cable or tape, and a cable reel with built-in electronics. The probe is lowered down the 
t 

• ical components.  

• Simple to read.  

bility.  

 

Pneumatic Piezometers

stallation  

T
a riser pipe. T

pipe and the borehole is backfilled to the surface with a bentonite grout to prevent 
unwanted vertical migration of water. The riser pipe is terminated above ground level 
with a vented cap.  

The observation well uses the same components as the standpipe piezometer, but is 
installed differently. 

the entry of surface runoff, and the riser pipe is terminated above ground level.  
 
Operation 

W
with a wate

standpipe until it makes contact with water. This is signaled by a light and a buzzer buil
into the cable reel. The depth-to-water reading is taken from the cable or tape. The 
Water Level Indicator features a sensitivity adjustment which helps the user obtain 
consistent measurements and eliminates false triggering in different well and water 
conditions. For more information, see Water Level Indicator. 

 
Advantages 

Econom

• Very good long-term relia

 

The pneumatic piezometer consists of a pneumatic pressure 
ic tubing. It can be installed in a borehole, 

embedded in fill, or suspended in a standpipe. Readings are 

 
e. 
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transducer and pneumat

obtained with a pneumatic indicator. 

Advantages: Reliable, remote reading possible, not electrical,
indicator can be calibrated at any tim

 



Limitations: Accuracy depends on skill of operator; difficult and expensive to automate, 
so reading requires man on site; reading time increases with length of tubing; pneumatic 
tubing can be blocked by condensation if not frequently charged with dry nitrogen gas.  

neumatic piezometers are used to measure pore water pressure in saturated soils. 
lude: 

 Monitoring pore water pressures to determine slope stability.  

arth 

 

Advantages 

Slope Indicator's pneumatic piezometers employ a simple and reliable 
t is free from zero drift. Long-term performance is enhanced

resistant plastic construction, polyethylene tubing, and in-line filters in all co

 a typical installation, the piezometer is sealed in a borehole, embedded in fill, or 
ipe. Twin pneumatic tubes run from the piezometer to a terminal at 

the surface. Readings are obtained with a pneumatic indicator.  

is required, a pneumatic 
indicator is connected to the terminal or directly to the tubing. Compressed nitrogen gas 

.  

t 

detected at the surface, the gas supply is shut off.  

 
Applications  

P
Applications inc

 Monitoring pore pressures to determine safe rates of fill or excavation.  

 Monitoring the effects of dewatering systems used for excavations.  

 by corrosion-
nnectors. 

 Monitoring the effects of ground improvement systems such as 
vertical drains and sand drains.  

 Monitoring pore water pressures to check the performance of e
fill dams and embankments.  

 Monitoring pore water pressures to check containment systems at 
land fills and tailings dams.  

transducer tha

Compatible with both flow and no-flow reading techniques.  

 
Operating Principle  

In
suspended in a standp

The piezometer contains a flexible diaphragm. Water pressure acts on one side of the 
diaphragm and gas pressure acts on the other. When a reading 

from the indicator flows down the input tube to increase gas pressure on the diaphragm

When gas pressure exceeds water pressure, the diaphragm is forced away from the ven
tube, allowing excess gas to escape via the vent tube. When the return flow of gas is 
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Gas pressure in the piezometer decreases until water pressure forces the diaphragm to its 
original position, preventing further escape of gas through the vent tube. At this point, 
pressure equals water pressure, and the pneumatic i

gas 
ndicator shows the reading on its 

pressure gauge. 

iezometers

 

Vibrating Wire P  

he vibrating wire piezometer consists of a vibrating wire 
pressure transducer and signal cable. It can be installed in a 

r suspended in a standpipe. 
Readings are obtained with a portable readout or a data 

ions 

ng pore water pressures to determine safe rates of

e slope stability.  

 Monitoring the effects of dewatering systems used for excavations.  

 Monitoring the effects of ground improvement systems such as vertical drains and 

s and 

 re pressures to check containment systems at land fills and tailings 

 

Opera

The VW piezometer converts water pressure to a frequency signal via a diaphragm, a 
tensioned steel wire, and an electromagnetic coil. The piezometer is designed so that a 

ressure on the diaphragm causes a change in tension of the wire. When 
excited by the electromagnetic coil, the wire vibrates at its natural frequency. The 

T

 fill or excavation.  

borehole, embedded in fill, o

logger. 

Limitations: Must be protected from electrical transients. 
 
Applicat

Typical applications for the VW piezometer are:  

 Monitori

 Monitoring pore water pressures to determin

sand drains.  

 Monitoring pore pressures to check the performance of earth fill dam
embankments.  

Monitoring po
dams.  

tion 

change in p

vibration of the wire in the proximity of the coil generates a frequency signal that is 
transmitted to the readout device. The readout device processes the signal, applies 
calibration factors, and displays a reading in the required engineering unit.  
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Installation Overview  

Grout-In Method: The piezometer is lowered, filter-end up, to the specified depth in the 
borehole. Then the borehole is filled with a bentonite-cement grout.  

able drilling mud. A 
sand filter is placed around the piezometer which is positioned at the specified depth. A 

meter is pushed into soft, cohesive soil at the 
bottom of a borehole. The piezometer must be monitored to ensure that it is not 

ut.  

compacted select fill. Signal cables are routed though trenches and covered with 
s 

Advantages  

n: VW piezometers provide a resolution of 0.025% of full scale.  

that all 
VW piezometers meet or exceed their accuracy specifications.  

filter or a bentonite seal. 
This greatly simplifies same-hole installation of multiple piezometers or piezometers with 

 piezometers offer rapid response to changes in pore water 
pressure, whether they are grouted in, pushed into cohesive soils, or embedded in a sand 

al Transmission: With properly shielded cable, signals from the VW 
piezometer can be transmitted long distances.  

rs are equipped with a temperature 
sensor.  

Sand Filter Method: The borehole is flushed with water or biodegrad

bentonite plug is formed at the top of the sand filter. Then the remainder of the borehole 
is filled with a bentonite-cement grout.  

Push-In: The special-body, push-in piezo

overpressured as it is pushed in. The borehole is then filled with a bentonite-cement gro

Embankments: The piezometer is embedded in sand and then covered with hand-

compacted fill. Bentonite water stops are placed at appropriate locations. Reading
become available when the surrounding soil becomes saturated.  

 

High Resolutio

High Accuracy: Slope Indicator's automated, precision calibration system ensures 

Groutable: The VW piezometer can be installed without a sand 

inclinometer casing.  

Rapid Response: VW

filter zone.  

Reliable Sign

Temperature Measurement: All VW piezomete
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Multi-Level Vibrating Wire Piezometer 

 

The multi-level VW piezometer system is used to monitor pore-water pressure at multiple 
zones in a borehole. It consists of a number of VW piezometers in special housings, signal 
cable, a grout fitting, and some user supplied components (mainly PVC pipe). The system is 
grouted into a borehole. Readings are obtained with a portable readout or a data 
logger. 

Advantages: Solves or avoids most of the problems with traditional multi-level piezometer 
installations. 

Limitations: Same as VW piezometers. 

Application 

Multi-Level VW Piezometers are used to monitor pore-water pressure at different zones in 
the borehole.  

Operation 

The multi-level system consists of VW piezometers in multi-level housings, as shown in the 
photograph at right, and PVC placement pipe. The piezometers are assembled in-line with 
the PVC pipe and installed downhole. Signal cables are brought to the surface through 
the PVC placement pipe. The borehole is then backfilled with a bentonite-cement grout, 
using the placement pipe to deliver the grout. When the grout cures, each piezometer is 
isolated from the zones above and below it, but is highly responsive to changes in pore-
water pressures at its own elevation. 
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Advantages 

Slope Indicator's multilevel system solves or avoids the problems associated with 
traditional multi-level piezometer installations: 

 In the traditional method, placing sensors at their intended depth is difficult, and the 
difficulty increases with the number of sensors. With the multi-level system, 
piezometers are installed in-line with PVC pipe. The pipe controls the elevation and 
relative spacing of the piezometers.  

 In the traditional method, placement of sand intake zones and bentonite seals is 
time-consuming and uncertain. The multi-level system entirely eliminates sand intake 
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zones and bentonite seals. Instead, the entire borehole is filled with a bentonite-
cement grout.  

 In the traditional method, signal cables from the piezometers pass through the seals 
that isolate the various intake zones. The cables can form channels for migration of 
water between zones. With the multi-level system, signal cables from each 
piezometer run to the surface through the PVC placement pipe. The pipe itself is 
watertight and is later filled with grout. This completely eliminates communication 
between zones.  

 In the traditional method, cables can be twisted and permanently damaged in the 
process of withdrawing drill casing or auger sections. With the multi-level system, 
cables are encased in the PVC pipe and are much less likely to be twisted or 
damaged.  

 

Vented Vibrating Wire Pressure Transducers  

The vibrating wire piezometer consists of a vibrating wire pressure transducer, a vented 
signal cable, and a desiccant chamber. It is designed for monitoring water levels in wells, 
stilling basins, and wiers. Readings are obtained with a portable readout or a data 
logger. 

Limitations: Electrical noise from a pump in the same well can interfere with operation. 

 

 
 
Applications 

The vented pressure transducer is designed specifically for monitoring changes in water 
levels in wells and stilling basins.  

Operation 

The VW pressure transducer converts water pressure to a frequency signal via a 
patented* arrangement of diaphragm, a tensioned steel wire, and an electromagnetic 
coil. The pressure transducer is designed so that a change in pressure on the diaphragm 
causes a change in tension of the wire. An electromagnetic coil is used to excite the wire, 
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which then vibrates at its natural frequency. The vibration of the wire in the proximity of 
the coil generates a frequency signal that is transmitted to the readout device. The 
readout or data logger stores the reading in Hz. Calibration factors are then applied to 
the reading to arrive at a pressure in engineering units. 

Advantages 

Two Ranges: The vented pressure transducer is available in 22 and 50 psi ranges.  

Large Diameter Vent Tube: The large diameter vent tube provides quick response to 
changes in atmospheric pressure and cannot be blocked by droplets of condensation. 

Oversize Desiccant Chamber: The large capacity, low maintenance desiccant chamber 
keeps the vent tube dry for 3 to 6 months.  

 

Titanium Pressure Transducer 

The titanium pressure transducer is a 4-20mA device that is compatible with industrial 
data loggers. It is use for monitoring water levels in pumping wells and for monitoring 
pore-water pressure in environments that would corrode stainless steel.  

Limitations: 4-20mA circuits require more power so are less suitable for battery-
operation. Long term stability may not be good enough for some applications.  

 

Applications 

Designed for compatibility with industrial data loggers, the titanium pressure transducer is 
used to monitor pore-water pressure and water levels. Typical applications include: 

 Monitoring pore-water pressures in corrosive environments such as salt water and 
landfills.  

 Monitoring rapid changes in pore-water pressure such as those produced by 
earthquakes.  

 Monitoring water levels in pumping tests.  
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Operation 

The pressure transducer may be sealed in a borehole or suspended in a well. Signal cable 
from the transducer is terminated at a readout station, where it can be connected to a 
data logger or readout device. Water pressure acts on diaphragm of the transducer. 
Semiconductor strain gauges bonded to the inside of the diaphragm sense the pressure 
and output a signal that is proportional to the pressure on the diaphragm. The signal is 
transmitted to the data logger or readout device via a 4-20mA loop circuit. 

Advantages 

High Resistance to Corrosion: All metal parts, including the diaphragm, are made from 
titanium.  

High Resistance to Noise: The electronics of the transducer are highly resistant to 
electrical noise, such as that generated by pumps.  

Compatible with PLCs: The titanium pressure transducer incorporates a 4-20mA 
transmitter to provide compatibility with standard industrial data acquisition systems. 

Suitable for Dynamic Monitoring: The transducer can be read continously. 

 

3.8. Oscilloscope 

What is an oscilloscope, what can you doing with it, and how does it work? This section 
answers these fundamental questions.  
The oscilloscope is basically a graph-displaying device - it draws a graph of an electrical 
signal. In most applications the graph shows how signals change over time: the vertical (Y) 
axis represents voltage and the horizontal (X) axis represents time. The intensity or 
brightness of the display is sometimes called the Z-axis. (See Figure 1.) This simple graph 
can tell you many things about a signal. Here are a few:  

• You can determine the time and voltage values of a signal.  
• You can calculate the frequency of an oscillating signal.  
• You can see the "moving parts" of a circuit represented by the signal.  
• You can tell if a malfunctioning component is distorting the signal.  
• You can find out how much of a signal is direct current (DC) or alternating current 

(AC).  
• You can tell how much of the signal is noise and whether the noise is changing with 

time.  
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Figure 1: X, Y, and Z Components of a Displayed Waveform 

 
An oscilloscope looks a lot like a small television set, except that it has a grid drawn on its 
screen and more controls than a television. The front panel of an oscilloscope normally has 
control sections divided into Vertical, Horizontal, and Trigger sections. There are also 
display controls and input connectors. See if you can locate these front panel sections in 
Figures 2 and 3 and on your oscilloscope.  
 

 
Figure 2: The TAS 465 Analog Oscilloscope Front Panel 
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Figure 3: The TDS 320 Digital Oscilloscope Front Panel 

 
 

What Can You Do With It? 
 
Oscilloscopes are used by everyone from television repair technicians to physicists. They 
are indispensable for anyone designing or repairing electronic equipment.  
The usefulness of an oscilloscope is not limited to the world of electronics. With the proper 
transducer, an oscilloscope can measure all kinds of phenomena. A transducer is a device 
that creates an electrical signal in response to physical stimuli, such as sound, mechanical 
stress, pressure, light, or heat. For example, a microphone is a transducer.  
An automotive engineer uses an oscilloscope to measure engine vibrations. A medical 
researcher uses an oscilloscope to measure brain waves. The possibilities are endless.  

 

 
Figure 4: Scientific Data Gathered by an Oscilloscope 

 
 

Analog and Digital 
 
Electronic equipment can be divided into two types: analog and digital. Analog equipment 
works with continuously variable voltages, while digital equipment works with discrete 
binary numbers that may represent voltage samples. For example, a conventional 
phonograph turntable is an analog device; a compact disc player is a digital device.  
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Oscilloscopes also come in analog and digital types. An analog oscilloscope works by 
directly applying a voltage being measured to an electron beam moving across the 
oscilloscope screen. The voltage deflects the beam up and down proportionally, tracing 
the waveform on the screen. This gives an immediate picture of the waveform.  
In contrast, a digital oscilloscope samples the waveform and uses an analog-to-digital 
converter (or ADC) to convert the voltage being measured into digital information. It then 
uses this digital information to reconstruct the waveform on the screen.  

 

 
Figure 5: Digital and Analog Oscilloscopes Display Waveforms 

 
For many applications either an analog or digital oscilloscope will do. However, each type 
does possess some unique characteristics making it more or less suitable for specific tasks.  
People often prefer analog oscilloscopes when it is important to display rapidly varying 
signals in "real time" (or as they occur).  
Digital oscilloscopes allow you to capture and view events that may happen only once. 
They can process the digital waveform data or send the data to a computer for 
processing. Also, they can store the digital waveform data for later viewing and printing.  
How Does an Oscilloscope Work? 
To better understand the oscilloscope controls, you need to know a little more about how 
oscilloscopes display a signal. Analog oscilloscopes work somewhat differently than digital 
oscilloscopes. However, several of the internal systems are similar. Analog oscilloscopes 
are somewhat simpler in concept and are described first, followed by a description of 
digital oscilloscopes.  
 

Analog Oscilloscopes 

When you connect an oscilloscope probe to a circuit, the voltage signal travels through the 
probe to the vertical system of the oscilloscope. Figure 6 is a simple block diagram that 
shows how an analog oscilloscope displays a measured signal.  
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Figure 6: Analog Oscilloscope Block Diagram 

 
Depending on how you set the vertical scale (volts/div control), an attenuator reduces the 
signal voltage or an amplifier increases the signal voltage.  
 
Next, the signal travels directly to the vertical deflection plates of the cathode ray tube 
(CRT). Voltage applied to these deflection plates causes a glowing dot to move. (An 
electron beam hitting phosphor inside the CRT creates the glowing dot.) A positive voltage 
causes the dot to move up while a negative voltage causes the dot to move down.  
The signal also travels to the trigger system to start or trigger a "horizontal sweep." 
Horizontal sweep is a term referring to the action of the horizontal system causing the 
glowing dot to move across the screen. Triggering the horizontal system causes the 
horizontal time base to move the glowing dot across the screen from left to right within a 
specific time interval. Many sweeps in rapid sequence cause the movement of the glowing 
dot to blend into a solid line. At higher speeds, the dot may sweep across the screen up to 
500,000 times each second.  
 
Together, the horizontal sweeping action and the vertical deflection action traces a graph 
of the signal on the screen. The trigger is necessary to stabilize a repeating signal. It 
ensures that the sweep begins at the same point of a repeating signal, resulting in a clear 
picture as shown in Figure 7.  
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Figure 7: Triggering Stabilizes a Repeating Waveform 

 
In conclusion, to use an analog oscilloscope, you need to adjust three basic settings to 
accommodate an incoming signal:  

• The attenuation or amplification of the signal. Use the volts/div control to adjust 
the amplitude of the signal before it is applied to the vertical deflection plates.  

• The time base. Use the sec/div control to set the amount of time per division 
represented horizontally across the screen.  

• The triggering of the oscilloscope. Use the trigger level to stabilize a repeating 
signal, as well as triggering on a single event.  

Also, adjusting the focus and intensity controls enables you to create a sharp, visible 
display.  
 

Digital Oscilloscopes 

Some of the systems that make up digital oscilloscopes are the same as those in analog 
oscilloscopes; however, digital oscilloscopes contain additional data processing systems. 
(See Figure 8.) With the added systems, the digital oscilloscope collects data for the entire 
waveform and then displays it.  
 
When you attach a digital oscilloscope probe to a circuit, the vertical system adjusts the 
amplitude of the signal, just as in the analog oscilloscope.  
Next, the analog-to-digital converter (ADC) in the acquisition system samples the signal at 
discrete points in time and converts the signal's voltage at these points to digital values 
called sample points. The horizontal system's sample clock determines how often the ADC 
takes a sample. The rate at which the clock "ticks" is called the sample rate and is 
measured in samples per second.  
 
The sample points from the ADC are stored in memory as waveform points. More than one 
sample point may make up one waveform point.  
 
Together, the waveform points make up one waveform record. The number of waveform 
points used to make a waveform record is called the record length. The trigger system 
determines the start and stop points of the record. The display receives these record points 
after being stored in memory.  
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Depending on the capabilities of your oscilloscope, additional processing of the sample 
points may take place, enhancing the display. Pretrigger may be available, allowing you 
to see events before the trigger point.  

 

 
Figure 8: Digital Oscilloscope Block Diagram 

 
Fundamentally, with a digital oscilloscope as with an analog oscilloscope, you need to 
adjust the vertical, horizontal, and trigger settings to take a measurement.  

Sampling Methods 

The sampling method tells the digital oscilloscope how to collect sample points. For slowly 
changing signals, a digital oscilloscope easily collects more than enough sample points to 
construct an accurate picture. However, for faster signals, (how fast depends on the 
oscilloscope's maximum sample rate) the oscilloscope cannot collect enough samples. The 
digital oscilloscope can do two things:  

• It can collect a few sample points of the signal in a single pass (in real-time 
sampling mode) and then use interpolation. Interpolation is a processing technique 
to estimate what the waveform looks like based on a few points.  

• It can build a picture of the waveform over time, as long as the signal repeats 
itself (equivalent-time sampling mode).  

Real-Time Sampling with Interpolation 

Digital oscilloscopes use real-time sampling as the standard sampling method. In real-time 
sampling, the oscilloscope collects as many samples as it can as the signal occurs. (See 
Figure 9.) For single-shot or transient signals you must use real time sampling.  
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Figure 9: Real-time Sampling 

 
Digital oscilloscopes use interpolation to display signals that are so fast that the 
oscilloscope can only collect a few sample points. Interpolation "connects the dots."  
Linear interpolation simply connects sample points with straight lines. Sine interpolation (or 
sin x over x interpolation) connects sample points with curves. (See Figure 10.) Sin x over x 
interpolation is a mathematical process similar to the "oversampling" used in compact disc 
players. With sine interpolation, points are calculated to fill in the time between the real 
samples. Using this process, a signal that is sampled only a few times in each cycle can be 
accurately displayed or, in the case of the compact disc player, accurately played back.  

 

 
Figure 10: Linear and Sine Interpolation 

 

Equivalent-Time Sampling 

Some digital oscilloscopes can use equivalent-time sampling to capture very fast 
repeating signals. Equivalent-time sampling constructs a picture of a repetitive signal by 
capturing a little bit of information from each repetition. (See Figure 11.) You see the 
waveform slowly build up like a string of lights going on one-by-one. With sequential 
sampling the points appear from left to right in sequence; with random sampling the points 
appear randomly along the waveform.  
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Figure 11: Equivalent-time Sampling 

 

Oscilloscope Terminology 

Learning a new skill often involves learning a new vocabulary. This idea holds true for 
learning how to use an oscilloscope. This section describes some useful measurement and 
oscilloscope performance terms.  
 
Measurement Terms 
 
The generic term for a pattern that repeats over time is a wave - sound waves, brain 
waves, ocean waves, and voltage waves are all repeating patterns. An oscilloscope 
measures voltage waves. One cycle of a wave is the portion of the wave that repeats. A 
waveform is a graphic representation of a wave. A voltage waveform shows time on the 
horizontal axis and voltage on the vertical axis.  
Waveform shapes tell you a great deal about a signal. Any time you see a change in the 
height of the waveform, you know the voltage has changed. Any time there is a flat 
horizontal line, you know that there is no change for that length of time. Straight diagonal 
lines mean a linear change - rise or fall of voltage at a steady rate. Sharp angles on a 
waveform mean sudden change. Figure 1 shows common waveforms and Figure 2 shows 
some common sources of waveforms.  
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Figure 1: Common Waveforms 
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Figure 2: Sources of Common Waveforms 

 
Types of Waves 
 
You can classify most waves into these types:  

• Sine waves  
• Square and rectangular waves  
• Triangle and sawtooth waves  
• Step and pulse shapes  

Sine Waves 

The sine wave is the fundamental wave shape for several reasons. It has harmonious 
mathematical properties - it is the same sine shape you may have studied in high school 
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trigonometry class. The voltage in your wall outlet varies as a sine wave. Test signals 
produced by the oscillator circuit of a signal generator are often sine waves. Most AC 
power sources produce sine waves. (AC stands for alternating current, although the 
voltage alternates too. DC stands for direct current, which means a steady current and 
voltage, such as a battery produces.)  
The damped sine wave is a special case you may see in a circuit that oscillates but winds 
down over time.  
Figure 3 shows examples of sine and damped sine waves.  

 

 
Figure 3: Sine and Damped Sine Waves 

 

Square and Rectangular Waves 

The square wave is another common wave shape. Basically, a square wave is a voltage 
that turns on and off (or goes high and low) at regular intervals. It is a standard wave for 
testing amplifiers - good amplifiers increase the amplitude of a square wave with 
minimum distortion. Television, radio, and computer circuitry often use square waves for 
timing signals.  
The rectangular wave is like the square wave except that the high and low time intervals 
are not of equal length. It is particularly important when analyzing digital circuitry.  
Figure 4 shows examples of square and rectangular waves.  

 

 
Figure 4: Square and Rectangular Waves 

 

Sawtooth and Triangle Waves 

Sawtooth and Triangle waves result from circuits designed to control voltages linearly, such 
as the horizontal sweep of an analog oscilloscope or the raster scan of a television. The 
transitions between voltage levels of these waves change at a constant rate. These 
transitions are called ramps.  
Figure 5 shows examples of sawtooth and triangle waves.  

 

 
Figure 5: Sawtooth and Triangle Waves 
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Step and Pulse Shapes 

Signals such as steps and pulses that only occur once are called single-shot or transient 
signals. The step indicates a sudden change in voltage, like what you would see if you 
turned on a power switch. The pulse indicates what you would see if you turned a power 
switch on and then off again. It might represent one bit of information traveling through a 
computer circuit or it might be a glitch (a defect) in a circuit.  
A collection of pulses travelling together creates a pulse train. Digital components in a 
computer communicate with each other using pulses. Pulses are also common in x-ray and 
communications equipment.  
Figure 6 shows examples of step and pulse shapes and a pulse train.  

 

 
Figure 6: Step, Pulse, and Pulse Train Shapes 

 
 
Waveform Measurements 
You use many terms to describe the types of measurements that you take with your 
oscilloscope. This section describes some of the most common measurements and terms.  

 

Frequency and Period 

If a signal repeats, it has a frequency. The frequency is measured in Hertz (Hz) and equals 
the number of times the signal repeats itself in one second (the cycles per second). A 
repeating signal also has a period - this is the amount of time it takes the signal to 
complete one cycle. Period and frequency are reciprocals of each other, so that 1/period 
equals the frequency and 1/frequency equals the period. So, for example, the sine wave 
in Figure 7 has a frequency of 3 Hz and a period of 1/3 second.  

 

 
Figure 7: Frequency and Period 

Voltage 

Voltage is the amount of electric potential (a kind of signal strength) between two points in 
a circuit. Usually one of these points is ground (zero volts) but not always - you may want 
to measure the voltage from the maximum peak to the minimum peak of a waveform, 
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referred to at the peak-to-peak voltage. The word amplitude commonly refers to the 
maximum voltage of a signal measured from ground or zero volts. The waveform shown in 
Figure 8 has amplitude of one volt and a peak-to-peak voltage of two volts.  

Phase 

Phase is best explained by looking at a sine wave. Sine waves are based on circular 
motion and a circle has 360 degrees. One cycle of a sine wave has 360 degrees, as 
shown in Figure 8. Using degrees, you can refer to the phase angle of a sine wave when 
you want to describe how much of the period has elapsed.  

 

 
Figure 8: Sine Wave Degrees 

 
Phase shift describes the difference in timing between two otherwise similar signals. In 
Figure 9, the waveform labeled "current" is said to be 905 out of phase with the 
waveform labeled "voltage," since the waves reach similar points in their cycles exactly 
1/4 of a cycle apart (360 degrees/4 = 90 degrees). Phase shifts are common in 
electronics.  

 

 
Figure 9: Phase Shift 

 
Performance Terms 
The terms described in this section may come up in your discussions about oscilloscope 
performance. Understanding these terms will help you evaluate and compare your 
oscilloscope with other models.  

Bandwidth 

The bandwidth specification tells you the frequency range the oscilloscope accurately 
measure.  
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As signal frequency increases, the capability of the oscilloscope to accurately respond 
decreases. By convention, the bandwidth tells you the frequency at which the displayed 
signal reduces to 70.7% of the applied sine wave signal. (This 70.7% point is referred to 
as the "-3 dB point," a term based on a logarithmic scale.)  

Rise Time 

Rise time is another way of describing the useful frequency range of an oscilloscope. Rise 
time may be a more appropriate performance consideration when you expect to measure 
pulses and steps. An oscilloscope cannot accurately display pulses with rise times faster 
than the specified rise time of the oscilloscope.  

Vertical Sensitivity 

The vertical sensitivity indicates how much the vertical amplifier can amplify a weak signal. 
Vertical sensitivity is usually given in millivolts (mV) per division. The smallest voltage a 
general purpose oscilloscope can detect is typically about 2 mV per vertical screen 
division.  

Sweep Speed 

For analog oscilloscopes, this specification indicates how fast the trace can sweep across 
the screen, allowing you to see fine details. The fastest sweep speed of an oscilloscope is 
usually given in nanoseconds/div.  

Gain Accuracy 

The gain accuracy indicates how accurately the vertical system attenuates or amplifies a 
signal. This is usually listed as a percentage error.  

Time Base or Horizontal Accuracy 

The time base or horizontal accuracy indicates how accurately the horizontal system 
displays the timing of a signal. This is usually listed as a percentage error.  

Sample Rate 

On digital oscilloscopes, the sampling rate indicates how many samples per second the 
ADC (and therefore the oscilloscope) can acquire. Maximum sample rates are usually 
given in megasamples per second (MS/s). The faster the oscilloscope can sample, the more 
accurately it can represent fine details in a fast signal. The minimum sample rate may also 
be important if you need to look at slowly changing signals over long periods of time. 
Typically, the sample rate changes with changes made to the sec/div control to maintain a 
constant number of waveform points in the waveform record.  
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ADC Resolution (Or Vertical Resolution) 

The resolution, in bits, of the ADC (and therefore the digital oscilloscope) indicates how 
precisely it can turn input voltages into digital values. Calculation techniques can improve 
the effective resolution.  

Record Length 

The record length of a digital oscilloscope indicates how many waveform points the 
oscilloscope is able to acquire for one waveform record. Some digital oscilloscopes let you 
adjust the record length. The maximum record length depends on the amount of memory in 
your oscilloscope. Since the oscilloscope can only store a finite number of waveform points, 
there is a trade-off between record detail and record length. You can acquire either a 
detailed picture of a signal for a short period of time (the oscilloscope "fills up" on 
waveform points quickly) or a less detailed picture for a longer period of time. Some 
oscilloscopes let you add more memory to increase the record length for special 
applications. 

 

Setting Up 

This section briefly describes how to set up and start using an oscilloscope - specifically, 
how to ground the oscilloscope, set the controls in standard positions, and compensate the 
probe.  
 
Grounding 
Proper grounding is an important step when setting up to take measurements or work on a 
circuit. Properly grounding the oscilloscope protects you from a hazardous shock and 
grounding yourself protects your circuits from damage.  

Ground the Oscilloscope 

Grounding the oscilloscope is necessary for safety. If a high voltage contacts the case of 
an ungrounded oscilloscope, any part of the case, including knobs that appear insulated, it 
can give you a shock. However, with a properly grounded oscilloscope, the current travels 
through the grounding path to earth ground rather than through you to earth ground.  
To ground the oscilloscope means to connect it to an electrically neutral reference point 
(such as earth ground). Ground your oscilloscope by plugging its three-pronged power 
cord into an outlet grounded to earth ground.  
Grounding is also necessary for taking accurate measurements with your oscilloscope. The 
oscilloscope needs to share the same ground as any circuits you are testing.  
Some oscilloscopes do not require the separate connection to earth ground. These 
oscilloscopes have insulated cases and controls, which keeps any possible shock hazard 
away from the user.  

Ground Yourself 
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If you are working with integrated circuits (ICs), you also need to ground yourself. 
Integrated circuits have tiny conduction paths that can be damaged by static electricity 
that builds up on your body. You can ruin an expensive IC simply by walking across a 
carpet or taking off a sweater and then touching the leads of the IC. To solve this 
problem, wear a grounding strap (see Figure 1). This strap safely sends static charges on 
your body to earth ground.  

 

 
Figure 1: Typical Wrist Type Grounding Strap 

 
Setting the Controls 
 
After plugging in the oscilloscope, take a look at the front panel. It is divided into three 
main sections labeled Vertical, Horizontal, and Trigger. Your oscilloscope may have other 
sections, depending on the model and type (analog or digital).  
Notice the input connectors on your oscilloscope. This is where you attach probes. Most 
oscilloscopes have at least two input channels and each channel can display a waveform 
on the screen. Multiple channels are handy for comparing waveforms.  

 

 
Figure 2: Front Panel Control Sections of an Oscilloscope 
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Some oscilloscopes have an AUTOSET or PRESET button that sets up the controls in one 
step to accommodate a signal. If your oscilloscope does not have this feature, it is helpful 
to set the controls to standard positions before taking measurements.  
Standard positions include the following:  

• Set the oscilloscope to display channel 1  
• Set the volts/division scale to a mid-range position  
• Turn off the variable volts/division  
• Turn off all magnification settings  
• Set the channel 1 input coupling to DC  
• Set the trigger mode to auto  
• Set the trigger source to channel 1  
• Turn trigger holdoff to minimum or off  
• Set the intensity control to a nominal viewing level  
• Adjust the focus control for a sharp display  

These are general instructions for setting up your oscilloscope. If you are not sure how to 
do any of these steps, refer to the manual that came with your oscilloscope. The Controls 
section describes the controls in more detail.  
 
Probes 
 
Now you are ready to connect a probe to your oscilloscope. It is important to use a probe 
designed to work with your oscilloscope. A probe is more than a cable with a clip-on tip. It 
is a high-quality connector, carefully designed not to pick up stray radio and power line 
noise.  
Probes are designed not to influence the behavior of the circuit you are testing. However, 
no measurement device can act as a perfectly invisible observer. The unintentional 
interaction of the probe and oscilloscope with the circuit being tested is called circuit 
loading. To minimize circuit loading, you will probably use a 10X attenuator (passive) 
probe.  
Your oscilloscope probably arrived with a passive probe as a standard accessory. Passive 
probes provide you with an excellent tool for general-purpose testing and 
troubleshooting. For more specific measurements or tests, many other types of probes 
exist. Two examples are active and current probes.  
Descriptions of these probes follow, with more emphasis given to the passive probe since 
this is the probe type that allows you the most flexibility of use.  

Using Passive Probes 

Most passive probes have some degree of attenuation factor, such as 10X, 100X, and so 
on. By convention, attenuation factors, such as for the 10X attenuator probe, have the X 
after the factor. In contrast, magnification factors like X10 have the X first.  
The 10X (read as "ten times") attenuator probe minimizes circuit loading and is an 
excellent general-purpose passive probe. Circuit loading becomes more pronounced at 
higher frequencies, so be sure to use this type of probe when measuring signals above 5 
kHz. The 10X attenuator probe improves the accuracy of your measurements, but it also 
reduces the amplitude of the signal seen on the screen by a factor of 10.  
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Because it attenuates the signal, the 10X attenuator probe makes it difficult to look at 
signals less than 10 millivolts. The 1X probe is similar to the 10X attenuator probe but 
lacks the attenuation circuitry. Without this circuitry, more interference is introduced to the 
circuit being tested. Use the 10X attenuator probe as your standard probe, but keep the 
1X probe handy for measuring weak signals. Some probes have a convenient feature for 
switching between 1X and 10X attenuation at the probe tip. If your probe has this 
feature, make sure you are using the correct setting before taking measurements.  
Many oscilloscopes can detect whether you are using a 1X or 10X probe and adjust their 
screen readouts accordingly. However with some oscilloscopes, you must set the type of 
probe you are using or read from the proper 1X or 10X marking on the volts/div control.  
The 10X attenuator probe works by balancing the probe's electrical properties against 
the oscilloscope's electrical properties. Before using a 10X attenuator probe you need to 
adjust this balance for your particular oscilloscope. This adjustment is called compensating 
the probe and is further described in the next section. Figure 3 shows a simple diagram of 
the internal workings of a probe, its adjustment, and the input of an oscilloscope.  

 

 
Figure 3: Typical Probe/Oscilloscope 10-to-1 Divider Network 

 
Figure 4 shows a typical passive probe and some accessories to use with the probe.  

 

 
Figure 4: A Typical Passive Probe with Accessories 
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Using Active Probes 

Active probes provide their own amplification or perform some other type of operation to 
process the signal before applying it to the oscilloscope. These types of probes can solve 
problems such as circuit loading or perform tests on signals, sending the results to the 
oscilloscope. Active probes require a power source for their operation.  

Using Current Probes 

Current probes enable you to directly observe and measure current waveforms. They are 
available for measuring both AC and DC current. Current probes use jaws that clip around 
the wire carrying the current. This makes them unique since they are not connected in series 
with the circuit; they, therefore, cause little or no interference in the circuit.  

Where to Clip the Ground Clip 

Measuring a signal requires two connections: the probe tip connection and a ground 
connection. Probes come with an alligator-clip attachment for grounding the probe to the 
circuit under test. In practice, you clip the grounding clip to a known ground in the circuit, 
such as the metal chassis of a stereo you are repairing, and touch the probe tip to a test 
point in the circuit.  
 
Compensating the Probe 
Before using a passive probe, you need to compensate it - to balance its electrical 
properties to a particular oscilloscope. You should get into the habit of compensating the 
probe every time you set up your oscilloscope. A poorly adjusted probe can make your 
measurements less accurate. Figure 5 shows what happens to measured waveforms when 
using a probe not properly compensated.  
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Figure 5: The Effects of Improper Probe Compensation 

 
Most oscilloscopes have a square wave reference signal available at a terminal on the 
front panel used to compensate the probe. You compensate a probe by:  

• Attaching the probe to an input connector  
• Connecting the probe tip to the probe compensation signal  
• Attaching the ground clip of the probe to ground  
• Viewing the square wave reference signal  
• Making the proper adjustments on the probe so that the corners of the square 

wave are square  

When you compensate the probe, always attach any accessory tips you will use and 
connect the probe to the vertical channel you plan to use. This way the oscilloscope has the 
same electrical properties as it does when you take measurements. 
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The Controls 

This section briefly describes the basic controls found on analog and digital oscilloscopes. 
Remember that some controls differ between analog and digital oscilloscopes; your 
oscilloscope probably has controls not discussed here.  
Display Controls 
Display systems vary between analog and digital oscilloscopes. Common controls include:  

• An intensity control to adjust the brightness of the waveform. As you increase the 
sweep speed of an analog oscilloscope, you need to increase the intensity level.  

• A focus control to adjust the sharpness of the waveform. Digital oscilloscopes may 
not have a focus control.  

• A trace rotation control to align the waveform trace with the screen's horizontal 
axis. The position of your oscilloscope in the earth's magnetic field affects 
waveform alignment. Digital oscilloscopes may not have a trace rotation control.  

• Other display controls may let you adjust the intensity of the graticule lights and 
turn on or off any on-screen information (such as menus).  

Vertical Controls 
 
Use the vertical controls to position and scale the waveform vertically. Your oscilloscope 
also has controls for setting the input coupling and other signal conditioning, described in 
this section. Figure 1 shows a typical front panel and on-screen menus for the vertical 
controls.  

 

 
Figure 1: Vertical Controls 

 

Position and Volts per Division 

The vertical position control lets you move the waveform up or down to exactly where you 
want it on the screen.  
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The volts per division (usually written volts/div) setting varies the size of the waveform on 
the screen. A good general purpose oscilloscope can accurately display signal levels from 
about 4 millivolts to 40 volts.  
 
The volts/div setting is a scale factor. For example, if the volts/div setting is 5 volts, then 
each of the eight vertical divisions represents 5 volts and the entire screen can show 40 
volts from bottom to top (assuming a graticule with eight major divisions). If the setting is 
0.5 volts/div, the screen can display 4 volts from bottom to top, and so on. The maximum 
voltage you can display on the screen is the volts/div setting times the number of vertical 
divisions. (Recall that the probe you use, 1X or 10X, also influences the scale factor. You 
must divide the volts/div scale by the attenuation factor of the probe if the oscilloscope 
does not do it for you.)  
 
Often the volts/div scale has either a variable gain or a fine gain control for scaling a 
displayed signal to a certain number of divisions. Use this control to take rise time 
measurements.  

Input Coupling 

Coupling means the method used to connect an electrical signal from one circuit to another. 
In this case, the input coupling is the connection from your test circuit to the oscilloscope. 
The coupling can be set to DC, AC, or ground. DC coupling shows all of an input signal. AC 
coupling blocks the DC component of a signal so that you see the waveform centered at 
zero volts. Figure 2 illustrates this difference. The AC coupling setting is handy when the 
entire signal (alternating plus constant components) is too large for the volts/div setting.  

 

 
Figure 2: AC and DC Input Coupling 

 
The ground setting disconnects the input signal from the vertical system, which lets you see 
where zero volts is on the screen. With grounded input coupling and auto trigger mode, 
you see a horizontal line on the screen that represents zero volts. Switching from DC to 
ground and back again is a handy way of measuring signal voltage levels with respect to 
ground.  
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Bandwidth Limit 

Most oscilloscopes have a circuit that limits the bandwidth of the oscilloscope. By limiting 
the bandwidth, you reduce the noise that sometimes appears on the displayed waveform, 
providing you with a more defined signal display.  

Channel Invert 

Most oscilloscopes have an invert function that allows you to display a signal "upside-
down." That is, with low voltage at the top of the screen and high voltage at the bottom.  

Alternate and Chop Display 

On analog scopes, multiple channels are displayed using either an alternate or chop 
mode. (Digital oscilloscopes do not normally use chop or alternate mode.)  
Alternate mode draws each channel alternately - the oscilloscope completes one sweep on 
channel 1, then one sweep on channel 2, a second sweep on channel 1, and so on. Use this 
mode with medium- to high-speed signals, when the sec/div scale is set to 0.5 ms or faster.  
Chop mode causes the oscilloscope to draw small parts of each signal by switching back 
and forth between them. The switching rate is too fast for you to notice, so the waveform 
looks whole. You typically use this mode with slow signals requiring sweep speeds of 1 ms 
per division or less. Figure 3 shows the difference between the two modes. It is often useful 
to view the signal both ways, to make sure you have the best view.  

 

 
Figure 3: Multi-Channel Display Modes 

 

Math Operations 

Your oscilloscope may also have operations to allow you to add waveforms together, 
creating a new waveform display. Analog oscilloscopes combine the signals while digital 
oscilloscopes mathematically create new waveforms. Subtracting waveforms is another 
math operation. Subtraction with analog oscilloscopes is possible by using the channel 
invert function on one signal and then use the add operation. Digital oscilloscopes typically 
have a subtraction operation available. Figure 4 illustrates a third waveform created by 
adding two different signals together.  
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Figure 4: Adding Channels 

 
Horizontal Controls 
 
Use the horizontal controls to position and scale the waveform horizontally. Figure 5 shows 
a typical front panel and on-screen menus for the horizontal controls.  

 

 
Figure 5: Horizontal Controls 

 

Position and Seconds per Division 

The horizontal position control moves the waveform from left and right to exactly where 
you want it on the screen.  
The seconds per division (usually written as sec/div) setting lets you select the rate at which 
the waveform is drawn across the screen (also known as the time base setting or sweep 
speed). This setting is a scale factor. For example, if the setting is 1 ms, each horizontal 
division represents 1 ms and the total screen width represents 10 ms (ten divisions). 
Changing the sec/div setting lets you look at longer or shorter time intervals of the input 
signal.  
As with the vertical volts/div scale, the horizontal sec/div scale may have variable timing, 
allowing you to set the horizontal time scale in between the discrete settings.  
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Time Base Selections 

Your oscilloscope has a time base usually referred to as the main time base and it is 
probably the most useful. Many oscilloscopes have what is called a delayed time base - a 
time base sweep that starts after a pre-determined time from the start of the main time 
base sweep. Using a delayed time base sweep allows you to see events more clearly or 
even see events not visible with just the main time base sweep.  
The delayed time base requires the setting of a delay time and possibly the use of 
delayed trigger modes and other settings not described in this book. Refer to the manual 
supplied with your oscilloscope for information on how to use these features.  

Trigger Position 

The trigger position control may be located in the horizontal control section of your 
oscilloscope. It actually represents "the horizontal position of the trigger in the waveform 
record." Horizontal trigger position control is only available on digital oscilloscopes.  
Varying the horizontal trigger position allows you to capture what a signal did before a 
trigger event (called pretrigger viewing).  
 
Digital oscilloscopes can provide pretrigger viewing because they constantly process the 
input signal whether a trigger has been received or not. A steady stream of data flows 
through the oscilloscope; the trigger merely tells the oscilloscope to save the present data 
in memory. In contrast, analog oscilloscopes only display the signal after receiving the 
trigger.  
 
Pretrigger viewing is a valuable troubleshooting aid. For example, if a problem occurs 
intermittently, you can trigger on the problem, record the events that led up to it and, 
possibly, find the cause.  

Magnification 

Your oscilloscope may have special horizontal magnification settings that let you display a 
magnified section of the waveform on-screen.  

XY Mode 

Most oscilloscopes have the capability of displaying a second channel signal along the X-
axis (instead of time). This is called XY mode; you will find a longer discussion later in this 
book.  
 
Trigger Controls 
 
The trigger controls let you stabilize repeating waveforms and capture single-shot 
waveforms. Figure 6 shows a typical front panel and on-screen menus for the trigger 
controls.  
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Figure 6: Trigger Controls 

 
The trigger makes repeating waveforms appear static on the oscilloscope display. 
Imagine the jumble on the screen that would result if each sweep started at a different 
place on the signal (see Figure 7).  

 

 
Figure 7: Untriggered Display 

Trigger Level and Slope 

Your oscilloscope may have several different types of triggers, such as edge, video, pulse, 
or logic. Edge triggering is the basic and most common type and is the only type discussed 
in this book. Consult your oscilloscope instruction manual for details on other trigger types.  
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For edge triggering, the trigger level and slope controls provide the basic trigger point 
definition.  
 
The trigger circuit acts as a comparator. You select the slope and voltage level of one side 
of the comparator. When the trigger signal matches your settings, the oscilloscope 
generates a trigger.  

• The slope control determines whether the trigger point is on the rising or the falling 
edge of a signal. A rising edge is a positive slope and a falling edge is a 
negative slope.  

• The level control determines where on the edge the trigger point occurs.  

Figure 8 shows you how the trigger slope and level settings determine how a waveform is 
displayed.  

 

 
Figure 8: Positive and Negative Slope Triggering 

Trigger Sources 

The oscilloscope does not necessarily have to trigger on the signal being measured. 
Several sources can trigger the sweep:  

• Any input channel  
• An external source, other than the signal applied to an input channel  
• The power source signal  
• A signal internally generated by the oscilloscope  

Most of the time you can leave the oscilloscope set to trigger on the channel displayed.  
Note that the oscilloscope can use an alternate trigger source whether displayed or not. 
So you have to be careful not to unwittingly trigger on, for example, channel 1 while 
displaying channel 2.  

Trigger Modes 
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The trigger mode determines whether or not the oscilloscope draws a waveform if it does 
not detect a trigger. Common trigger modes include normal and auto.  
In normal mode the oscilloscope only sweeps if the input signal reaches the set trigger 
point; otherwise (on an analog oscilloscope) the screen is blank or (on a digital 
oscilloscope) frozen on the last acquired waveform. Normal mode can be disorienting 
since you may not see the signal at first if the level control is not adjusted correctly.  
Auto mode causes the oscilloscope to sweep, even without a trigger. If no signal is present, 
a timer in the oscilloscope triggers the sweep. This ensures that the display will not 
disappear if the signal drops to small voltages. It is also the best mode to use if you are 
looking at many signals and do not want to bother setting the trigger each time.  
In practice, you will probably use both modes: normal mode because it is more versatile 
and auto mode because it requires less adjustment.  
Some oscilloscopes also include special modes for single sweeps, triggering on video 
signals, or automatically setting the trigger level.  

Trigger Coupling 

Just as you can select either AC or DC coupling for the vertical system, you can choose the 
kind of coupling for the trigger signal.  
Besides AC and DC coupling, your oscilloscope may also have high frequency rejection, 
low frequency rejection, and noise rejection trigger coupling. These special settings are 
useful for eliminating noise from the trigger signal to prevent false triggering.  

Trigger Holdoff 

Sometimes getting an oscilloscope to trigger on the correct part of a signal requires great 
skill. Many oscilloscopes have special features to make this task easier.  
Trigger holdoff is an adjustable period of time during which the oscilloscope cannot 
trigger. This feature is useful when you are triggering on complex waveform shapes, so 
that the oscilloscope only triggers on the first eligible trigger point. Figure 9 shows how 
using trigger holdoff helps create a usable display.  
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Figure 9: Trigger Holdoff 

 
 
 
Acquisition Controls for Digital Oscilloscopes 
 
Digital oscilloscopes have settings that let you control how the acquisition system processes 
a signal. Look over the acquisition options on your digital oscilloscope while you read this 
description. Figure 10 shows you an example of an acquisition menu.  
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Figure 10: Example of an Acquisition Menu 

Acquisition Modes 

Acquisition modes control how waveform points are produced from sample points. Recall 
from the first section that sample points are the digital values that come directly out of the 
Analog-to-Digital-Converter (ADC). The time between sample points is called the sample 
interval. Waveform points are the digital values that are stored in memory and displayed 
to form the waveform. The time value difference between waveform points is called the 
waveform interval. The sample interval and the waveform interval may be but need not 
be the same. This fact leads to the existence of several different acquisition modes in 
which one waveform point is made up from several sequentially acquired sample points. 
Additionally, waveform points can be created from a composite of sample points taken 
from multiple acquisitions, which leads to another set of acquisition modes. A description of 
the most commonly used acquisition modes follows.  

• Sample Mode: This is the simplest acquisition mode. The oscilloscope creates a 
waveform point by saving one sample point during each waveform interval.  

• Peak Detect Mode: The oscilloscope saves the minimum and maximum value 
sample points taken during two waveform intervals and uses these samples as the 
two corresponding waveform points. Digital oscilloscopes with peak detect mode 
run the ADC at a fast sample rate, even at very slow time base settings (long 
waveform interval), and are able to capture fast signal changes that would occur 
between the waveform points if in sample mode. Peak detect mode is particularly 
useful for seeing narrow pulses spaced far apart in time.  

• Hi Res Mode: Like peak detect, hi res mode is a way of getting more information 
in cases when the ADC can sample faster than the time base setting requires. In this 
case, multiple samples taken within one waveform interval are averaged together 
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to produce one waveform point. The result is a decrease in noise and an 
improvement in resolution for low speed signals.  

• Envelope Mode: Envelope mode is similar to peak detect mode. However, in 
envelope mode, the minimum and maximum waveform points from multiple 
acquisitions are combined to form a waveform that shows min/max changes over 
time. Peak detect mode is usually used to acquire the records that are combined to 
form the envelope waveform.  

• Average Mode: In average mode, the oscilloscope saves one sample point during 
each waveform interval as in sample mode. However, waveform points from 
consecutive acquisitions are then averaged together to produce the final displayed 
waveform. Average mode reduces noise without loss of bandwidth but requires a 
repeating signal.  

Stopping and Starting the Acquisition System 

One of the greatest advantages of digital oscilloscopes is their ability to store waveforms 
for later viewing. To this end, there are usually one or more buttons on the front panel that 
allow you to stop and start the acquisition system so you can analyze waveforms at your 
leisure. Additionally, you may want the oscilloscope to automatically stop acquiring after 
one acquisition is complete or after one set of records has been turned into an envelope or 
average waveform. This feature is commonly called single sweep or single sequence and 
its controls are usually found either with the other acquisition controls or with the trigger 
controls.  

Sampling Methods 

In digital oscilloscopes that can use either real-time sampling or equivalent-time sampling 
as described earlier, the acquisition controls will allow you to choose which one to use for 
acquiring signals. Note that this choice makes no difference for slow time base settings 
and only has an effect when the ADC cannot sample fast enough to fill the record with 
waveform points in one pass.  
 
 
Other Controls 
 
So far we have described the basic controls that a beginner needs to know about. Your 
oscilloscope may have other controls for various functions. Some of these may include:  

• Measurement cursors  
• Keypads for mathematical operations or data entry  
• Print capabilities  
• Interfaces for connecting your oscilloscope to a computer  

Look over the other options available to you and read your oscilloscope's manual to find 
out more about these other controls. 
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Measurement Techniques 

This section teaches you basic measurement techniques. The two most basic measurements 
you can make are voltage and time measurements. Just about every other measurement is 
based on one of these two fundamental techniques.  
This section discusses methods for taking measurements visually with the oscilloscope 
screen. Many digital oscilloscopes have internal software that will take these 
measurements automatically. Knowing how to take the measurements manually will help 
you understand and check the automatic measurements of the digital oscilloscopes.  
 
The Display 
 
Take a look at the oscilloscope display. Notice the grid markings on the screen - these 
markings create the graticule. Each vertical and horizontal line constitutes a major division. 
The graticule is usually laid out in an 8-by-10 division pattern. Labeling on the oscilloscope 
controls (such as volts/div and sec/div) always refers to major divisions. The tick marks on 
the center horizontal and vertical graticule lines (see Figure 1) are called minor divisions.  
Many oscilloscopes display on the screen how many volts each vertical division represents 
and how many seconds each horizontal division represents. Many oscilloscopes also have 
0%, 10%, 90%, and 100% markings on the graticule (see Figure 1) to help make rise 
time measurements, described later.  

 

 
 

Figure 1: An Oscilloscope Graticule 
 

Voltage Measurements 
 
Voltage is the amount of electric potential, expressed in volts, between two points in a 
circuit. Usually one of these points is ground (zero volts) but not always. Voltages can also 
be measured from peak-to-peak - from the maximum point of a signal to its minimum 
point. You must be careful to specify which voltage you mean.  
The oscilloscope is primarily a voltage-measuring device. Once you have measured the 
voltage, other quantities are just a calculation away. For example, Ohm's law states that 
voltage between two points in a circuit equals the current times the resistance. From any 
two of these quantities you can calculate the third. Another handy formula is the power 
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law: the power of a DC signal equals the voltage times the current. Calculations are more 
complicated for AC signals, but the point here is that measuring the voltage is the first step 
towards calculating other quantities.  

 

 
 
Figure 2 shows the voltage of one peak - V[p] - and the peak-to-peak voltage - V[p-p] -, 
which is usually twice V[p]. Use the RMS (root-mean-square) voltage - V [RMS] - to 
calculate the power of an AC signal.  

 

 
Figure 2: Voltage Peak and Peak-to-peak Voltage 

 
You take voltage measurements by counting the number of divisions a waveform spans on 
the oscilloscope's vertical scale. Adjusting the signal to cover most of the screen vertically, 
then taking the measurement along the center vertical graticule line having the smaller 
divisions, makes for the best voltage measurements. The more screen area you use, the 
more accurately you can read from the screen.  

 

 
Figure 3: Measure Voltage on the Center Vertical Graticule Line 
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Many oscilloscopes have on-screen cursors that let you take waveform measurements 
automatically on-screen, without having to count graticule marks. Basically, cursors are two 
horizontal lines for voltage measurements and two vertical lines for time measurements 
that you can move around the screen. Readout shows the voltage or time at their positions.  
 
 
Time and Frequency Measurements 
 
You take time measurements using the horizontal scale of the oscilloscope. Time 
measurements include measuring the period, pulse width, and timing of pulses. Frequency 
is the reciprocal of the period, so once you know the period, the frequency is one divided 
by the period. Like voltage measurements, time measurements are more accurate when 
you adjust the portion of the signal to be measured to cover a large area of the screen. 
Taking time measurement along the center horizontal graticule line, having smaller 
divisions, makes for the best time measurements. (See Figure 4.)  

 

 
Figure 4: Measure Time on the Center Horizontal Graticule Line 

 
 

Pulse and Rise Time Measurements 
 
In many applications, the details of a pulse's shape are important. Pulses can become 
distorted and cause a digital circuit to malfunction, and the timing of pulses in a pulse train 
is often significant.  
Standard pulse measurements are pulse width and pulse rise time. Rise time is the amount 
of time a pulse takes to go from the low to high voltage. By convention, the rise time is 
measured from 10% to 90% of the full voltage of the pulse. This eliminates any 
irregularities at the pulse's transition corners. This also explains why most oscilloscopes 
have 10% and 90% markings on their screen. Pulse width is the amount of time the pulse 
takes to go from low to high and back to low again. By convention, the pulse width is 
measured at 50% of full voltage. See Figure 5 for these measurement points.  

 146



 

 
Figure 5: Rise Time and Pulse Width Measurement Points 

 
Pulse measurements often require fine-tuning the triggering. To become an expert at 
capturing pulses, you should learn how to use trigger holdoff and how to set the digital 
oscilloscope to capture pretrigger data, as described earlier in the Controls section. 
Horizontal magnification is another useful feature for measuring pulses, since it allows you 
to see fine details of a fast pulse.  
 
Phase Shift Measurements 
 
The horizontal control section may have an XY mode that lets you display an input signal 
rather than the time base on the horizontal axis. (On some digital oscilloscopes this is a 
display mode setting.) This mode of operation opens up a whole new area of phase shift 
measurement techniques.  
The phase of a wave is the amount of time that passes from the beginning of a cycle to 
the beginning of the next cycle, measured in degrees. Phase shift describes the difference 
in timing between two otherwise identical periodic signals.  
One method for measuring phase shift is to use XY mode. This involves inputting one signal 
into the vertical system as usual and then another signal into the horizontal system. (This 
method only works if both signals are sine waves.) This set up is called an XY measurement 
because both the X and Y axis are tracing voltages. The waveform resulting from this 
arrangement is called a Lissajous pattern (named for French physicist Jules Antoine 
Lissajous and pronounced LEE-sa-zhoo). From the shape of the Lissajous pattern, you can 
tell the phase difference between the two signals. You can also tell their frequency ratio. 
Figure 6 shows Lissajous patterns for various frequency ratios and phase shifts.  
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Figure 6: Lissajous Patterns 

 

Lissajous curve 

 

Figure: Lissajous figure on an Oscilloscope 
 

Figure: Lissajous figure in three dimensions 

 

In mathematics, a Lissajous curve (Lissajous figure or Bowditch curve) is the graph of 
the system of parametric equations 

 

which describes complex harmonic motion. This family of curves was investigated by 
Nathaniel Bowditch in 1815, and later in more detail by Jules Antoine Lissajous. 

The appearance of the figure is highly sensitive to the ratio a/b. For a ratio of 1, the 
figure is an ellipse, with special cases including circles (A = B, δ = π/2 radians) and lines 
(δ = 0). Another simple Lissajous figure is the parabola (a/b = 2, δ = π/2). Other ratios 
produce more complicated curves, which are closed only if a/b is rational. The visual form 
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of these curves is often suggestive of a three-dimensional knot, and indeed the many kinds 
of knots, including those known as Lissajous knots, project to the plane as Lissajous figures. 

Lissajous figures are sometimes used in graphic design as logos. Examples include the 
logos of the Australian Broadcasting Corporation (a = 1, b = 3, δ = π/2) and the Lincoln 
Laboratory at MIT (a = 8, b = 6, δ = 0). 

Lissajous curves can be traced mechanically by means of a harmonograph. 

Below are some examples of Lissajous figures with δ = π/2, a = b, a odd, b even, |a − 
b| = 1. 
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3.9 Multimeter 

 

Figure: A digital multimeter 

 

Figure: A low cost digital 
multimeter 

 

Figure: An analog 
multimeter 

A multimeter is an electronic measuring instrument that combines several functions in one 
unit. The most basic instruments include an ammeter, voltmeter, and ohmmeter. 

Other features available in some units: 

1. A continuity tester that beeps when a circuit conducts.  
2. Digital output (as a number, rather than a scale reading) of the quantity under 

test.  
3. An amplifier to sense small voltages, currents and high resistances.  
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4. Measurements of inductance and capacitance. This is helpful to test components, 
and therefore much used by technicians that must build and repair equipment.  

5. Tests of diodes and transistors. This is popular with technicians who have to fix 
broken equipment.  

6. Scales and sockets for temperature measurement with standard thermocouples.  
7. An intermediate-frequency oscillator, a detector and an audio amplifier with a 

speaker, to diagnose and tune radio circuits. This used to be standard on some 
Russian models. It is an inexpensive compact substitute for an oscilloscope. It 
permits one to hear a signal, rather than see it.  

8. A slow oscilloscope. This is appearing in some high-end computer-controlled 
multimeters.  

9. A telephone test set.  
10. Automotive circuit tester.  
11. Record high and low voltage snapshots  

 

3.10 Function Generator 

A function generator is a piece of electronic test equipment used to generate electrical 
waveforms. These waveforms can be either repetitive or single-shot (once only) in which 
case some kind of triggering source is required (internal or external). The resultant 
waveforms can be injected into a device under test and analyzed as they progress 
through the device, confirming the proper operation of the device or pinpointing a fault in 
the device. 

Function generators usually generate a triangle waveform as their basic output. The 
triangle is generated by repeatedly charging and discharging a capacitor from a 
constant current source. This produces a linearly-ascending or descending voltage ramp. 
As the output voltage reaches upper and lower limits, the charging and discharging is 
reversed, producing the linear triangle wave. By varying the current and the size of the 
capacitor, different frequencies may be obtained. 

A 50% duty cycle square wave is easily obtained by noting whether the capacitor is 
being charged or discharged. Most function generators also contain a diode shaping 
circuit that can convert the triangle wave into a reasonably accurate sine wave. 

The type of output connector from the device depends on the frequency range of the 
generator. A typical function generator can provide frequencies up to 20MHz and will use 
a BNC connector, usually requiring a 50 or 75 ohm termination. Specialised RF generators 
are capable of GHz frequencies and typically use N-type output connectors. 

Function generators, like most signal generators, may also contain an attenuator, various 
means of modulating the output waveform, and often contain the ability to automatically 
and repetitively "sweep" the frequency of the output waveform (by means of a voltage-
controlled oscillator) between two operator-determined limits. This capability makes it 
very easy to evaluate the frequency response of a given electronic circuit. 
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Some function generators also contain arbitrary waveform generators of the capability to 
generate white or pink noise. 

More advanced function generators use Direct Digital Synthesis (DDS) to generate 
waveforms. 
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