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F~JNL~AMENTALS OF’ THE:RMC>ME:TRY 

PART VI 

THE:RMISTC>R THERMC>ME:TE:RS 

by Henry E. Sostmann 

and Philip D. Mets 

ABSTRACT 

Thermistors are a useful and important class of electrical ther- 

mometer, with a transfer function of resistance versus temperature. The 

resistance-temperature relationship is usually highly non-linear, and 

much effort has been given to the invention of linearizing circuitry. In 

the most commonly used types, the coefficient of resistance change is 

negative; that is, higher temperatures result in higher conduction (lower 

resistance). (We will ignore positive temperature coefficient thermistors, 

which have little metrological signifigance). Quality of performance varies 

widely, in terms of interchangeability, stability, temperature range, and 

other characteristics. Consideration here will be given only to classes of 

thermistor which are of interest to the metrologist, but it is worth 

mentioning that there is a very large number of cruder types, and the 

number of thermistors produced by all producers in a given year is 

perhaps in the millions. We will also not consider here, except in a 

discussion of applications, the many configurations of sheathed, 

encapsulated, etc., thermistor temperature probes which are available in 

the marketplace. 

THEORY OF OPERATION 

Figure 1 illustrates the property of intrinsic conductivity in a 

semiconducting solid. In the vicinity of 0 K, all electrons are captured 

in the valence band, and the conduction band is empty. With increasing 

temperature, electron movement into the conduction band increases, 

leaving holes in the valence band. The equilibrium is dynamic, with free 

I Vacant conduction band 

E Forbidden band Eg ---Fermi Limit 
, , , .,,;;;;,,,,,/,/,/ll,,,~~~~~~~~~~:~:~~;:;; 

‘:$$S:;<;Z Filled valence band :;;$:. 
:;I’::;:::,,,,,,,,~-~~;;;;;;;;,;;;;i;;:::; 

Fig 1: Band scheme for intrinsic conductivity. From Kjttel, 
Introduction to Solid State Physics, Wiley, N. Y, ,956, 348 
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electrons in the conductance band recombining with holes in the valence 

band, and electrons in the valence band excited to the conduction 

band.The increase in electron mobility (therefore conductance) with 

increasing temperature accounts for the positive conductance, or 

negative temperature-resistance, characteristic. 

Early experimental work with thermistors used the electronic 

properties of “pure” materials; germanium, silicon, diamond. I place 

“pure” in quotation marks, because even minute concentrations of impu- 

rities can alter the properties of the thermistor by acting as electron 

donors or acceptors; an activity which may be partial or complete de- 

pending upon temperature. The most common effect of dopants in pure 

materials is to decrease the temperature coefficient of resistance. 

COMMERCIAL THERMISTORS; MATERIALS AND FABRICATION 

Pure materials are seldom used in commercially distributed ther- 

mistors, which are extrinsic devices. The usual materials are metal ox- 

ides, or complex oxide systems such as spinels. In these compounds de- 

fective crystal structures, and the mutual reactions of the constituents, 

abetted by heat applied in fabrication and/or in use, can play a signifi- 

cant role in the conductance mechanism. 

Typical materials are oxides of manganese, nickel, cobalt, copper, 

iron and titanium. Any of these individual materials may be doped with 
others to obtain a variety of temperature-resistance characteristics. The 

powdered materials are combined, ground together in ball milla (which 

may add their own contribution of impurity), constituted to pasty form 

with organic liquids (for bead thermistors) or with binders, such as 

acrylic (for disc thermistors), dried into beads or punched into disks, 

and sintered to form a physically relatively stable material. 

From this description, it will be evident that the thermistor mate- 

rial is physically, chemically and electronically an extremely complex 

system, whose properties continue to defy exact description, and in gen- 

eral the manufacturer makes no attempt to gauge or control its proper- 

ties by theoretical analysis. Practical production of useful thermistors 

depends upon a great deal of experience, adjustments in mix and fabri- 

cation, the rejection of some fraction of batches produced on the basis 

of post-production test (fortunately at this point the costs of scrap are 

small), and some luck and black art. One prominent producer of premium 

thermistors routinely loses the touch about a month out of the year 

(and we well remember the panics which ensue) until the process 

mysteriously corrects itself. 
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Fortunately, lot characteristic analysis at this point lends itself 
well to the techniques of statistical analysis. 

CLASSIFICATION - DISKS AND BEADS 

While any sort of classification in so broad a range of devices is 
chancy, we will separate metrology-quality thermistors into two cate- 
gories, disks and beads. These two types have, in general, differing 
methods of production and different characteristics. 

The process of making disk thermistors is illustrated in Fig. 2. 

Fig 2: Steps in the manufacture of a disk thermistor. A, ball- 
milled powder; B, pressed disk; C, sintered disk; D, silvered 
disk; E, edge-ground disk; F, lead wires attached; G, epoxy-coated 
(courtesy YSI Inc.) 

In 2A, a metal oxide, for example manganese oxide, has been com- 
bined with a suitable dopant, for example nickel oxide, and the materials 
have been ground together to a fine powder of specific mesh size in a 
ball mill . Some acrylic has been added to the mix to make it somewhat 
self-adherent. 

In 2B, the powder has been compacted into a fragile disk. The di- 
mensions of the disk may vary with manufacturer and type, but the or- 
der of magnitude is 2.5 mm diameter by 0.5 mm thick. 

In 2C, the disk has been sintered by exposure to heat, usually 
above 1OOO’C. The rate at which the boat of disks (perhaps several 
thousand at once) is inserted into the furnace, the location in the fur- 
nace zone, the dwell time at temperature, the atmosphere of the furnace 
(and perhaps its state of contamination from previous batches or other 
sources), the rate of cool-down or withdrawal, are all part of the manu- 
facturer’s arcane science; usually the same procedure produces the same 
results, and occasionally it doesn’t. However , at this point, samples can 
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be taken from the batch and checked, principally for consistency of 
dR/dt. No later process can modify the slope, if it is wrong at this 
stage; the batch must be scrapped, and another try made, with modifi- 
cations of technique and appropriate incantations. 

In 2D, the disk has been coated with a silver frit and the frit 
fired in place. The purpose of the frit is to permit attachment of lead 
wires by soldering or pressure bonding. The silver, it will be noted, is 
applied overall, and tends to coat the cylindrical as well as the plane 
surfaces of the disk (a direct electrical short), and so in 2E the edges 
must be ground free of silver. 

It is at this point that disk thermistors can be given their most 
important characteristic: that is, interchangeability of units with respect 
to Ro and Rt Assuming that the proper slope characteristic has been 
achieved in previous steps, the individual disks are clamped in a fixture 
immersed in a temperature bath (often at 25-C) and material is removed 
from one edge by fine grinding, while the resistance is monitored in 
comparison with a standard thermistor at the same temperature. Ther- 
mistors can thus be made interchangeable to !zO.l’C, s.O5’C, or some 
similar desirable level. 

In 2F, lead wires are attached by some commonplace means. One 
means is to dip-solder them. Since soldering heat has been applied, it is 
prudent to evaluate the batch again after lead attachment. Other meth- 
ods involve conductive adhesives, various forms of spot-welding, and 
compression bonds. 

Soldering is usually accomplished with a lead-tin solder alloy al- 
ready partially saturated with silver to avoid scavenging the silver 
coating. The phenomenon of scavenging results from the solubility of 
silver in tin, which increases with temperature, and scavenges the silver 
coating from the substrate. Excess silver in the alloy is equally to be 
avoided. (The phenomenon of scavenging can also be observed with 

gold) 111. 

In 2G, a protective epoxy coating has been applied, usually with 
color-coding to indicate the dR/dT type of thermistor. It is then the 
custom of at least one manufacturer to evaluate the product, on a 100% 
basis, at 3 temperatures not including 25’C. In this manner, thermistors 
are produced with close zero and slope conformity, in a wide range of 
base resistances. Commercial thermistors are available with 25-C re- 
sistance of lOOQ, 300’52, 100051 . . . 1 MQ. Fig. 3 shows the relative ratios 

Rt/R25 for several of the common types. 
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Fig 3: Rt/R(25) for several common 
thermistor types. I q lOOQ, II = 
22528. IOKP. IOOKQ, III = IMP at 
25-C. IV q Rt/Ro for a platinum 
resistance thermome'ter. 
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For comparison, the Rt/Ro 
curve of a platinum resistance 
thermometer is also shown. At 
this scale, these curves must 
be taken to be illustrative 
rather than quantitative. 

Here is evident one of the 
great strengths of thermis- 
tors: a large change in resis- 
tance is realised for a rela- 
tively small change in temper- 
ature over the portion of its 
curve where it is most sensi- 
tive. 

The change in resistance of a 
thermistor is about 4X of the 
immediate resistance per 1 ‘C 
change, while the change in 
resistance of a platinum re- 
sistance thermometer is about 
0.4% per ‘C of the resistance 
at 0-C. 

The process of manufacturing bead thermistors is illustrated in 
Fig. 4. 

The process of compounding the powder is essentially as in 2A for 
disks, The powder is compounded usually not with an acrylic binder but 
with some volatile organic, to produce a manageable slurry, 

In Fig 4, lead wires, of a material which will tolerate the sintering 
temperature, are held in slight tension and parallel to each other at a 
distance which is dictated by the desired siee of the bead. Slurry’is 

lead wires 7 - 

a 

?,- slurry beads 

a I I 

cut (a) cut (b) 

Fig 4: Manufacture of bead thermistors. The process is de- 
scribed in the text. The l.ead wires may be cut in several 
styles (a), (b). 
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apphed between the lead wires. The system is then dried and sintered, 

in a controlled atmosphere, at a temperature which will result in suffi- 

cient density to hold the thermistor material and the lead wires to- 

gether. The bead and the adjacent wires are then cut into a desired 

lead configuration, and the surface of the bead and a short length of 

the emergent wires are coated with a thin glass film (alternatively, 

sealed within the tip of a thin-walled glass tube) for mechanical secu- 

rity. 

The various forms of bead which can be made by this process of- 
ten result in a sensitive element smaller than possible in disc produc- 

tion; but as a generality, beads cannot be made to close tempera- 

ture/resistance tolerances (interchangeable) and can satisfy such re- 

quirements only by test and selection after fabrication, or by a network 

of pads and shunts (which reduce sensitivity). Typical unit-to-unit 

interchangeability for bead thermistors is ?20%. 

Other forms of thermistor are common. These are short rods, 

flakes and chips (of small mass but larger area, suitable, e.g., for in- 

frared detectors), washers and films. Thermistors have been formed in 

place by vapor deposition; such forms will not be considered here, since 

their metrology applications are limited (but films have been used in 
low-mass sensitive bolometers). 

TH,E CHOICE - DISKS OR BEADS? 

The better choice is based upon the application and the properties 

required from the sensor. However all choices involve trade-offs; for ex- 

ample, a bead thermistor, which might be chosen because it is very 

small, will not satisfy a requirement for interchangeability, and will have 

a lower dissipation constant (higher self-heat), than a disk. Table 1 will 

attempt to summarise salient considerations. 

I: Size. Often an advantage of thermistor temperature sensors is 

the small size of the sensitive element; its ability to make a spot mea- 

surement. Bead thermistors can be made much smaller than discs. 

2: Stability. Legend has it that bead thermistors are more stable 

than disk thermistors, and early experience seems to confirm this [Zl. 
The explanation for this superior stability is probably the result of the 

customary glass encapsulation of bead thermistors, which has the fol- 

lowing consequences: 

(a) The semiconductor bead and its lead attachments are an her- 

metically sealed system, preventing oxidation of the attachment contact. 
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There is reason to believe that some of the shift in epoxy-coated ther- 

mistors, after exposure to temperature at their upper rated limit, is due 

to deterioration of the contact between the thermistor surface and the 

contact frit. 

(b) The semiconductor is constrained by the shrinkage of the 

glass coating, binding the grains more tightly together. 

In the early days of radio, microphones were made with a carbon 

element. Sound pressures reoriented the contact boundaries of the car- 

bon granules, altering the bulk resistance of the element. It is possible 

to find in this an analogue of the thermistor. A structure which physical 

constrains the grains into a constant-contact mass would produce a less 

sensitive microphone, and a more stable thermistor. 

Recently (perhaps 10 years ago) one manufacturer of disk ther- 

mistors began manufacturing interchangeable sensors in which, after 

grinding to 25 ‘C interchangeability, the assembly was glass-coated. 

These units have been shown to approach the stability of the best 

beads and offer the advantage of interchangeability, which beads do 

not. 

Stability of any thermistor depends upon the maximum temperature 

to which the sensor is exposed. Reported stability for glass-coated disks 

is shown in Table 2. 

TABLE 2 

OP TEMP* 1 MONTH 10 MONTH 100 MONTH 

25-C to.01 ‘C (0.01 ‘C <O.Ol’C 

70-c (0.01 ‘C <O.Ol ‘C <O.Ol ‘C 

100 ‘C 0.01 ‘C 0.02’C 0.01 ‘C 
15O’C 0.03 ‘C 0.05 ‘C 0.08.C 

ZOO’C 0.08 ‘C 0.22.c 0.60-C 

* Continuous operating temperature 

3: Dissipation constant (self-heating). All resistive devices are 

subject to 12R heating. Since they are passive circuit components, it is 

necessary to pass a current through them to put them ta use. The in- 

evitable result of current through a resistance is heat; the problem set 

for the student is to design a circuit, for the specific application, in 
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which the rise in temperature due to self-heat is negligible compared to 

the accuracy required of the measurement. 

In a specified environment, dissipation is largely a function of its 

heat capacity and the surface area of the heated sensor which is ex- 

posed to the medium which will carry this heat away, and therefore a 

small element will permit dissipation of less heat than a larger one. Dis- 

sipation, of course, will be higher in flowing water (for example) than 

in still air. A related concept is time constant; the time required for the 

sensor to react to a step change in temperature; this may be thought of 

loosely as the inverse of dissipation constant, as the time required for 

the medium to transfer heat to the sensor mass. 

Although lead wires of thermistors are usually of small diameter, 

the possibility of unwanted transfer of heat from or to the thermistor 

via the lead wires passing through the sane of thermal gradient 

(analogous to stem conduction in sheathed thermometers) cannot be ig- 

nored. The usual tests of immersion of the sensor assembly at several 

depths will reveal such faults. 

Because the resistance-temperature coefficient is negative, one 

must be very cautious about self-heating thermistors. We are accustomed 

to the idea that self-heating of industrial platinum thermometers is, to 

some extent, self-limiting, since an increase in self-heat produces an in- 

crease in resistance. (It is possible to heat an industrial platinum ele- 

ment with a large voltage without doing any physical damage; I have 

heat-treated elements this way, when the rest of a probe assembly could 

not stand furnace temperatures). Now let us imagine a thermistor whose 

resistance at 25’C is 225252 (a value which is a de facto standard for 

medical electrical thermometers). Its self-heat factor in flowing water is 

10 mW = 1.0 K of temperature rise. We apply 4.64 volts, 

E = (P * R)l12 = 4.64 Eq. 1 

and stabilise at 26-C, where the resistance has responded to a 1’C 

change and is now 215652, but the change in resistance also involves an 

increment, to the current passed. In the extreme circumstance, the 

reduction of resistance and increase of current due to self-heating can 

lead to a catastrophic run-away condition. 

For measurements of the highest precision, it is often desirable 
to determine the zero-power resistance of the thermistor at temperature. 

This can be done by measuring the resistance at two input powers (e.g., 

1 and 1x42) and extrapolating to the resistance at zero power. The 
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heating effect of the applied power in the working circuit can then be 

estimated. 

Again, for measurements of the highest precision, note must be 

taken of the series resistance of the thermistor lead wires. One series of 
disc thermistor is furnished with lead wires of t32 copper, 3 inches 

long, whose resistance is 0.0137 Q per inch, or 0.082 Q for the 6 inch 

loop. For a thermistor with nominal resistance at 25-C of 100 8, this 

represents almost 0.6% of total resistance at lOO’C! In any calibration, it 

is important to know at what point along the lead wires the test clips 

were applied, unless the thermistor resistance is sufficiently high as to 

make lead resistance negligible. 

Self-heat must be carefully considered in choosing readout instru- 

ments for thermistors. It is quite natural to think first of multi-digit 

multi-range digital ohmmeters. However most commercial digital ohmme- 

ters impose excessive currents on the resistor (thermistor) being mea- 

sured, and may change current with automatic range change. The meter 

manufacturer’s operating current specifications must be carefully com- 

pared with the thermistor manufacturer’s self-heat specifications to as- 

sure that self-heat errors are negligible. 

4: Range of temperature. The range of temperatures over which 
thermistors may be used is bounded by: 

(a) at the upper limit, that temperature at which physical alter- 

ation of the construction begins to be effective in shifting the sensor’s 
characteristics. Such alteration may be the oxidation of lead wires or of 

the bond between the wires and the semiconducting material, or the 

shifting of the intergranular relationship of the material, or, more 

grossly, the development of cracks and vacancies. Disc thermistors with 

low 25-C resistance are generally limited to 100°C; with 25-C resistances 

above several thousand ohms, to 15O’C. Upper temperature for glass-en- 

capsulated disks may be estimated from Table 2. Tiny bead thermistors 

are usually limited to 150-C, larger beads to 300-C, and special types 
are specified to operate as high as 400’C. 

(b) at the lower limit, that temperature at which the thermistor 

(because its resistance becomes very high) cannot be measured effec- 

tively. For example: a thermistor which measures 10 kQ at 25-C, and 186 
Q at 150-C, reaches 7.4 MQ at -80-C! It has also been reported that 

exposure to very low temperatures (e.g., liquid nitrogen) may cause 
catastrophic physical changes, such as cracks, in the gross structure. 
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5: Cost. The cost of good thermistors is comparable to the cost of 

good industrial platinum elements. However additions to cost to assure 

quality and reliability of the unit or lot may be substantial, since they 

are usually costs for additional lot or unit testing. Thermistor manufac- 

turers are equipped to perform reliability assurance testing upon need 

(for example, for thermistors used in space vehicles) which may involve 

temperature cycling, high and low temperature storage, effects of hu- 

midity, shock, vibration, etc. 

THE ELECTRICAL PROPERTIES OF THERMISTORS 

We are accustomed to the idea that the relationship between tem- 

perature and resistance of platinum wire thermometers is not far from 

linear, and can be represented for all practical purposes by a simple 

quadratic equation when t > O’C, and by a cubic equation when t< O’C, 

to the lower limit set for platinum resist&ice thermometers in various 

industrial standards [31. (The relationship is more complicated for 

Standard Platinum Resistance Thermometers on the ITS-90) [4]. 

A number of attempts have been made to develop a thermistor 

equation based on the complex physical laws, only partly understood, 

which determine thermistor performance, These have generally been of 
the form 

RT = RO (eXp) l-S(I/l’-I/TO)l Eq. 2 

None of these have proven so successful as an empirical equation pro- 

posed by Steinhart and Hart [5), which requires measurement of resis- 

tance at three temperatures: 

l/T = A t B(ln R) t C(ln R)3 Eq. 3 

where T is the Kelvin or absolute temperature. Given a restricted range 

of temperature, (e.g., 0’ to 70-C) it has been shown that this equation 

affords accuracies of +O.O05’C. Mangum has published a modification of 
the Steinhart-Hart Equation which requires four calibration temperatures 

and is said to afford an accuracy of ?O.OOl ‘C: 

l/T = A t B(ln R) + C(ln R)2 t D(ln R)3 Eq. 4 

(You will see Eqs. 3 and 4 written as “log” (base 10) or “ln” (base e). It 

does not matter which is used provided consistency is maintained). 

It is often useful to have Eq. 3 explicit in R, and this may be 
written as follows: 



R = e (exp) ((6 - c1/2)l’~ - (6 + d211’3)) Eq. 5 

where 

a = (A - l/T)/& I3 = B/C, 6 = [(a2/4) + (R3/27)1 l/2 

and A, B and C are the coefficients of Eq. 3 in (In R). (Eq. 5 is given 
incorrectly in the literature of a prominent manufacturer of thermistors). 

The non-linearity of thermistors has challenged a number of work- 
ers. The use of digital active circuitry, which breaks the thermistor 
curve at a suitable number of inflection points and assigns an appropri- 
ate slope to each line segment between these points, is easily the most 
flexible way to linearise a thermistor curve. 

Other solutions have been applied, which do not require active 
circuitry. These include: 

(a) Matching non-linear scales on analog readout instruments. This 
solution is applicable only to instruments in which the scale of the 
readout meter has been drawn to fit the characteristics of a specific 
unit thermistor, or where the thermistors intended to be used as in- 
strument sensors are interchangeable in calibration within acceptable 
limita. 

,‘Y r Epoxy overcoat 

T2 / 3 lead wires J 

Fig 5: Construction of a 
Thermilinear component. Tl 
and T2 have different val- 
ues. “Thermilinear” is a 
registered trade style of 
Yellow Springs Instr. Co. 
(now YSI Inc.) 

(b) Thermistor composites, 
(“Thermilinear” composites), in 
which two or more thermistors are 
combined with suitable fixed 
resistors in a network having 
essentially linear output in terms of 
either voltage or resistance. 
Thermistors intended for network 
applications are usually constructed 
as shown in Fig. 5, but there is no 
electrical r&son why such an 
integrated construction is 
necessary. Circuits employing 
thermilinear composites are shown 
later in this paper. 

Passive networks employing thermistor composites are linear over 
relatively narrow temperature ranges, and have the disadvantage that 
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the sensitivity is much reduced, approximating that of industrial plat- 

inum resistance thermometers. 

CIRCUITS EMPLOYING THERMISTORS 

(a) The simplest circuit employing 
thermistors for temperature measurement 
is the elementary voltage divider, shown 
in .Fig. 6, in which an applied voltage is 
divided by a fixed resistor Rl and a 
thermistor RT. The network current is 

In = eiJ(Rl + F+) Eq. 6 

0 I 
0 

and the output voltage is 

Fig 6: Elementary 
voltage divider 
with thermistor 

%a = RTein/(R1 + F$) Eq. I 

There are of course two practical difficulties with this simple circuit, (1~) 
any load resistance across e. shunts RT and (2) the output cannot be 
reduced to zero at any temperature. 

Ein 

P 

Rl 

EO 

T 

hli 

R3 

R2 

Fig 7: Bridge circuit 
with thermistor. R3 
may also be a thermis- 
tor for double sensiti- 
vity. 

(b) Fig. 7 shows a bridge 
configuration in which the thermistor is 
one of four resistances. This circuit can 
be balanced to zero output at any desired 
temperature by adjustment of R3. 

ein = [(RI + RzNR3 + RT)/ 
(RI + R2 + R3 + RT) Eq. a 

il = ein/(R1 + R2) Eq. 9a 

i2 = ein/(R3 + RT) Eq. 9b 

% = eo1 - %2 Eq. 10 

= R2(ein/(R1 + R2) 
- R3(ein/(R3 t RT) Eq. 11 

In (a) and, (b) above it is assumed 
that ei,, is obtained from a constant- 
current 8ource. 
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Many other circuits suggest themselves; for example, it is possible to 
double the sensitivity of the bridge of Fig. 7 by replacing R3 with a 
thermistor located in the same temperature environment as RT, provided 
both thermistors have the same characteristics. 

The resistance-temperature characteristic of a thermistor may be 
made more linear by shunting it with a fixed resistance. We will use a 
specific example to illustrate this. 

Choose a thermistor such as YSI’s 44004. The nominal resistance of 
this thermistor at five temperatures is shown in Column 2 of below. 
Subtracting the resistance at 20-C from each of the higher resistances, 
we obtain the increments of resistance (Column 3), and show in Column 4 
the deviation (in terms of temperature) from a straight line through the 
endpoints. 

Shunting the thermistor with a fixed resistor of 3411.8 Q, we ob- 
tain a set of values for the parallel network, Column 5, with the resis- 
tance increments shown in Column 6, and the deviation from a straight 
line, shown in Column 7. 

TABLE 3 
.,--_,~~..- . 

UNSHUNTED THERMlSTOR 3471.8 Q SHUNT 

1 2 3 4 5 6 7 

t, ‘C R(th) Incr R Non-lin R(net) Incr R Non-lin 
‘C ‘C 

0 7355 4541 0.00 2358.5 804.27 0.00 
5 5719 2905 -2.2 2160.3 606.10 0.07 

10 4482 1668 -2.65 1956.4 402.13 0.00 
15 3539 725 -1.81 1752.5 198.30 -0.07 
20 2814 0 0.00 1554.2 0.00 0.00 

Two effects are obvious; first, that the network .is more linear than the 
unshunted thermistor, and second, that the sensitivity has been reduced 
(from 4541 ohms change for ZO’C to 804 ohms change for the same tem- 
perature interval). 

Consideration of the dual sign of the nonlinearity of the shunted 
thermistor will suggest that the non-linearity will be larger as the tem- 
perature range is extended. At the higher temperature the fixed resistor 
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will be too large, and at the lower temperature it will be too small. If a 
second thermistor is substituted for the fixed resistor, and a simple 
network of fixed resistors added, the range can be extended much fur- 
ther with reasonable linearity. Two such circuits are shown as Figs. 8a 
and 8b. Instructions for calculating the appropriate thermistor and fixed 
resistance values for various temperature ranges are offered by manu- 
facturers [61. Unfortunately, there is no passive solution for the re- 
duced sensitivity. 

Fig 8a: Thermilinear net- 
work with voltage output. 

“pas” = positive with t; 
“neg” = negative wjth t. 

E.i n 

R2 P 

Fig 8b: Thermilinear net- 
work with resistance output. 

RI, q load resistance, which 
must. be known and fixed. 

WORKING CONFIGURATIONS FOR THERMISTORS 

The possible configurations of mounting, sheath, etc., usable with 
thermistor sensors are limited largely by the imagination of the de- 
signer. They range from simply potting the thermistor into a hole (but 
not with an acetic-acid-curing silicone; acetic acid has been shown to 
cause shifts in epoxy-coated thermistors), mounting the thermistor cen- 
tered inside a blackened ping-pong ball to integrate radiant energy, and 
on to relatively sophisticated enclosures. An assortment of commercially- 
available configurations is shown in Fig. 9. 

A prominent use of thermistor probes is in medical thermometry, 
during procedures or as patient monitoring systems, in s?sophageal or 
rectal sites or in surgically created body cavities. Both single 
thermistors, having a nonlinear characteristic, and thermilinear 
composites are employed with readout instrumentation, limit controls, 
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Fig. 9a: A single epoxy-coated 
thermistor with bare lead wires. 
The most common type for further 
configuration by the user. The 
ciuamon configuration for circuit 
use as a temperature compensator 

-% 

Fig 9c: Thermistor or thermili- 
near composite in stainless 
sheath, l/8 inch minimum dia- 
meter. Lead junction with 
sheath may give water immer- 
sion problems. “Hermetic” junc- 
tions may be specified. 

w 

Fig. 9.55: Air temperature probe: 
a thermistor or thermilinear com- 
posite within a protective cage. 

Fig 99: Thermistor mounted in 
a machine screw, which may be 
any material and as small as No. 
8-32. An example of the versa- 
tility available in thermistor 
enclosure configurations. 

* -j ; 

Fig 9b: A single thermistor 
or thermilinear composite 
with PVC-covered two or 
three wire cable. Most common 
type for azesophageal or rectal 
medical use. Usually moisture 
resistant and sterilizable- 
but specify if required! 

Fig. 9d: A single thermistor 
or composite in a steel sheath 
with pipe plug fitting for 
insertion into a closed cavity 
This can place the lead 
safely out of.a wet or other- 
wise problematical environment 

Fig. 9f: A surface tempera- 
ture probe; steel cup, epoxy 
filled. For skin-surface tem- 
peratye in medicine, air- 
conditioning ducts, and gene- 
ral use. 
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alarm systems, etc., specifically designed for this purpose. Resistance 

versus temperature characteristics for these sensors almost universally 

follow the characteristic R/t tables first published by the Yellow Springs 

Instrument Company, the pioneer in this field. Recently, propelled by 

concerns about cross-infection (and perhaps also cost) .a large number 

of disposable or single-use medical thermistor probes have come into the 

marketplace. These are individually packaged in sealed and (usually) 

radiation-sterilized form. 

So prevalent are readout instruments calibrated for either a 

thermistor sensor with a 25-C resistance of 2252 Q or a thermilinear 

network, that one manufacturer, wishing to take advantage of the lower 
materials cost of disposable thermocouple (as opposed to thermistor) 

probes, furnishes a black box in which the output of the thermocouple 

is amplified and used to heat a 2252 Q thermistor, whose resistance 

output is then presented to a conventional readout instrument intended 

for thermistor input! 

Medical thermometry has been the subject of intense 

standardisation activity over the past 10 years, propelled by the effort 

to develop common standards for a united Europe (which will also 

govern imports into the EEC). The most immediately important example of 

this is the work of Secretariat SP12/SR7 of the Organisation 
International de Metrologie Legal, the Physikalisch-Technische 

Bundesanstalt of Germany holding the primary responsibility (71. This 

Standard for medical electrical thermometers for continuous use (as 

opposed tc “fever” thermometers) is expected to be adopted by the 52 

nations of the OIML Treaty, so that it will, in effect, require 

conformance by all manufacturers of affected equipment who wish to sell 

in the world market. Also any medical device is subject, in the United 

States, to the rules of the Food and Drug Administration, (and most 

other countries also regulate such devices). 

The medical field has stimulated the development of a number of 

specialised temperature probes. Among these may be mentioned tiny 

probes using bead thermistors , which can be inserted into portions of 

the brain during cryosurgery; beads mounted in hypodermic needles, for 

insertion into veins; skin-surface temperature probes; probes whose lead 

wires are radio-opaque so that their passage through the body’s canals 

can be guided by fluoroscopy; and thermistors included as temperature 

sensors in multi-purpose devices such as stethoscopic catheters, for 

observing body core sounds and temperatures. In such probes, 

compatibility with human tissue and the ability to withstand sterilisation 

are often prominent considerations. 
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CALIBRATION OF THERMISTOR THERMOMETERS 

Because of the limited temperature range of thermistor 

thermometers (typically -40’ to +15O’C) primary calibration can be 

carried out simply and economically, using only, for example, the water 

triple point and the gallium point [al. By such techniques, uncertainties 

of less than 2 mK can be achieved. Also, the usual small size of 
thermistor snsors permits calibration in Isotech “slim” cells and 

benchtop equipment such as the Isotech Oceanus block bath. 

Comparison calibrations can be made in the customary fluid baths, 

etc, respecting the possible diiferences in locus, dissipation, stem effect, 
etc., between the small thermistor sensor and whatever is used as the 

standard. 

THERMISTORS USED SELF-HEATED 

While normally every effort is made to achieve circuitry in which 

the power presented to the thermistor is sufficiently low that any 12R 

heating is negligible, there are situations in which thermistors can be 

self-heated appreciably and to advantage. Most of these are used to 

monitor or control some situation which CaTI vary the dissipation 

constant of the thermistor as a function of changes in the medium or in 

the power applied. Many of them depend upon a two-thermistor network 

in, which one thermistor is kept in a relatively constant environment 

while the second responds to a change. We will simply list some of these 

applications: 

Level controls (dissipation varies whether in gas or fluid) 

Gas or vapor pressure (dissipation varies with medium density.) 

Flow (dissipation varies the velocity of the flowing medium). An 

interesting application is the vortex-shedding flow meter, in which the 
flowing material is rapidly directed to one side or another of a blade, 

being turbulent on one side and laminar on the other, and dissipating 

differently). 

Gas analysis and chromatography 

Automatic switching and voltage control. 

Any use of thermistors in a self-heated mode must be designed 
below the level of thermal runaway! 
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AT THE YELLOW SPRINGS INSTRUMENT CO., INC. 

by Hardy W. Trolander 

Prior to 1953, the Yellow Springs instrument Company (YSI), a boot-strap 
operation then five years old, had produced several experimental electronic ther- 
mometers incorporating thermistors as their temperature sensing elements. 

The first of these instrument was intended to measure the surface (skin) tem- 
perature of the human body. it was designed for and in conjunction with the Fels 
Institute, a physiology-research organization located also in Yellow Springs, Ohio. 
The instrument was only marginally successful, because the thermistor employed 
was a large disc with a high thermal mass. Since the skin is itself a rather good in- 
sulator, the tail wagged the dog; instead of measuring skin temperature, the ther- 
mistor measured, in reality, its own temperature, at the same time increasing or de- 
creasing the temperature of the surface whose temperature it was supposed to mea- 
sure. A lesson learned1 

The second instrument [l I was somewhat more successful. It was designed 
to measure human body core temperature; that is, relatively deep rectal tempera- 
ture. This is a body site of considerable thermal mass, and its temperature was not 
affected appreciably by the sensor and its lead wires. One of the large disk ther- 
mistors was filed to a lozenge shape to reduce its irritation upon insertion. The re- 
moval of material of course increased the resistance of the thermistor, and the 
Wheatstone bridge of the instrument was rebalanced to match the resistance of the 
altered thermistor. 

The application of this instrument proved to be of considerable significance, 
for it was employed in what may have been the first successful use of a heart-lung 
machine on a human patient. This led to serial production of the instrument, after 
superficial refinements to make it easier to produce and easier to use. A substantial 
drawback remained: the Wheatstone bridge of each instrument had to be individu- 
ally calibrated to match its specific thermistor sensor. (Thermistors at that time 
were available matched in resistance to about 22 OC, while the medical applica- 
tions required readings to be accurate to kO.1 - 0.2’C. Thus probes, which did not 
endure as long as the associated instrument, were in no sense interchangeable). 

Other applications for measurement of biological temperatures, over a vari- 
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ety of temperature ranges and measurement sites, soon appeared. Sensor failures, 
due to such things as mechanical over-stress, made it necessary that instruments be 

recalibrated to the value of the replacement sensor with each change of probe. 
Many applications utilized a number of probes, each feeding a separate bridge, 
and each of these bridges required readjustment when a new probe was installed. 

Most users did not have the competence nor the equipment to do this readjust- 
ment, and this necessitated that each instrument be returned to YSI when a probe 
was replaced. The sensitivity of the thermistor over a narrow range of temperatures 

made them the sensor of choice, but it soon became very clear that commercially- 
available thermistor tolerances and matching would severely limit their application 
in many biological and medical applications. 

Years ago, as a boy, the author purchased his first volt-ohm-milliammeter, 
and of course took it out of its case to see what was inside. He noticed that several 
of the carbon resistors had slots filed into their bodies. These were loose-tolerance 
resistors, too loose for the claimed accuracy of the instrument, but they has been 
tuned in resistance by removing material from the sectional area, to adjust their re- 
sistance to the more precise values required. The manufacturer of the meter had 
only to assure that he began with carbon resistors whose unadjusted resistances 
were lower than nominal. Evidently the manufacturer found this cost-effective [see 
ED NOTE]. 

The recollection of the adjusted carbon resistors, coupled with the filed-for- 
comfort thermistors of the rectal probes, suggested that close-tolerance thermistors 
could be made from low-tolerance units that were on the low side of their toler- 
ance band, by removing material until the required close-tolerance value was 
reached. However the tedious process of hand-filing and measuring over the mul- 

tiple passes needed to bring the thermistor up to the desired value of resistance at a 
specific temperature proved impractical. Also, we at YSI had very little experience 
with any but rough-and-ready temperature measurement and bath temperature 
control, and thus were in no position to develop a process that required any degree 
of sophistication in what was for us a new field. In retrospect that was probably a 
blessing. The solution (extremely simple, as it turned out) was to design a tixture to 

hold the unadjusted thermistor blank with one edge extending outward, so that 
material could be removed from the extended edge of the blank using an abrasive 
disc mounted on a flexible-shaft grinder. The jaws of the clamp were electrically 
and thermally isolated from the main body of the fixture. One jaw of the clamp 
contained a second thermistor, hand-adjusted to the required value, in close elec- 
trical and thermal contact with the thermistor being ground. Three connecting 

leads were provided, so that the two thermistors formed half of a Wheatstone 
bridge. The earliest fixture was a simple modification of needle-nosed pliers to 
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incorporate insulated tips, spring-loaded to hold the thermistor that was being 
ground; and the analog-meter bridge readout was in terms of in-or-out-of- 
tolerance. The end of the pliers the thermistors was mounted inside a 3-T/2” i.d. 
lucite tube to avoid effects from stray breezes. 

Since both thermistors had similar slope (R vs T) characteristics, they quickly 

equilibrated to a common temperature when the grinder was withdrawn. Small 
differences between the value of the control thermistor resistance and the desired 

value of the thermistor being ground were readily accommodated by tweaking the 
passive side of the half-bridge. 

The use of this fixture resulted in an improvement of almost two orders of 
magnitude of resistance vs temperature tolerance over then-available disc ther- 

mistors. They now became interchangeable and reproducible to within +O.l”C 
over the medical range of 20’ to 40°C. Fig. 1 (courtesy of YSI) illustrates a ther- 
mistor following grinding, the attachment of lead wires and encapsulation. The 
view at the right illustrates the ground edge of the thermistor. This fixture, and the 
process, was granted a patent ([2j and Fig. 2). 

Almost immediately biological and environmental applications were found 
that required ranges of measurement (spans of temperature) larger than that of the 
initial medical range of application. The supplier of YSl’s disc thermistors was 

asked for best practicable tolerances on slope, and YSl’s adjusted disc thermistors 
of various types were then assigned tolerances for their resistance vs temperature 
characteristics over a more extended temperature range. These specifications were 
published. However the supplier, who really preferred customers requiring larger 
volumes of product, did not meet the specifications consistently for our limited- 
quantity needs. YSI then began its own laboratory production of disc thermistors, 
developed the controls necessary to meet its slope tolerances, and conveyed these 
results to the supplier. But YSl’s low volume requirements did not provide the sup- 
plier with adequate economic justification for installing the closer production con- 
trols required. 

We parted company amicably, and YSI established its own pilot plant, 
which was soon able to meet (and exceed) its needs for the production of precision 
interchangeable thermistors. At that point, we produced only one value of ther- 

mistor for our various temperature sensors. It has (and has) a nominal value of 
2252 fl at 25’C with sensitivity of 99 n per Co at that temperature. (This thermistor 
has continued in production up to the present, and is used in all of YSl’s Series 400 
temperature probes. Given the relatively short life in the marketplace of most semi- 
conductor devices, it has achieved considerable durability)! 
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FIGURE 1 

The construction of a YSI dlsk thermistor (courtesy YSI, Inc.) 

Lead 
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FIGURE 2 

The patent on the grinding fixture (first page) 
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Over the following several years YSI developed its production techniques, 
measurement capability and statistical data base. Working with the NBS (now 

NIST) the author proposed and then aided the NBS in developing a faciluty for 
thermistor measurement. With that facility in place YSI became it’s first customer 
by having a group of its thermistor probes measured initially, and then remeasured 
at scheduled intervals, over many years. This assisted YSI in establishing impecca- 
ble stability data for its 400 Series thermistor temperature probes. 

Beginning in the 196Os, and led by customer demand, YSI began develop- 
ment of a line of off-the-shelf precision thermistor components in other base val- 
ues. They were offered in one-three-ten progressions from 100 fI to 1 me@ at 
25°C. This line continues in production to this day. 

All of these thermistors, like those incorporated into 400 Series probes, are 
of roughly the same dimensions, and are about 2.5 mm in diameter and 0.25 mm 
thickness. Manganese and nickel oxides are common to all values, and some of 
them are doped with other materials, e.g. copper or iron to decrese or increase re- 
sistivity. Following forming and sintering, contacts of finely divided silver are fired 

onto both surfaces of the disc, and it is ready for grinding to its resistance toler- 
ance. After grinding, lead wires are soldered to both flat surfaces, and the disc is 
coated with epoxy, cured and color coded. In the interests of automation the order 
of some of the process steps is sometimes changed, but the essential process 

closely resembles that which YSI developed during the 1950s. 

Although thermistors are highly-sensitive resistance thermometers they are 
non-linear. Many applications require a more linear response over a given temper- 
ature span. It had been common to place resistors in series and parallel with them 
to improve linearity over relatively modest ranges. However this means is not ade- 

quate for many applications that would otherwise benefit from the higher sensitiv- 
ity than that obtained from thermocouples or platinum and nickel resistance ther- 
mometers. 

In 1966, while driving back to Ohio from a technical exchange at NASA- 
Creenbelt, the author conveived a network consisting of several thermistors and 

fixed resistors to obtain a linear output in either ohms or volts vs temperature over 
a much wider temperature range. The addition of the second active element (the 
second thermistor) extended the linear range well beyond that which could be 
achieved from the addition of only passive circuit elements. Linear networks incor- 
porating two or three thermistors then became widely practical because of the 
availability of YSl’s precision thermistors [4, 51. These networks bear the trade 
name THERM/LINEAR COMPONENTS, and went to market in 1967. Fig. 3 
(courtesy YSI) illustrates the several forms of these networks and their linear modes 
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Resistance Mode 

Resiskrncc mode operation is achieved by configur. 
ing the components as shown in the figures below. 

Voltage Mode 

Voltage mode operation is achieved by configuring 
the components as shown in the figures below. 

AYSI 44018 or 44019A ThermistorNetwork 
RI 8 I32 = Resistor Set 

FIGURE 3 

Thermilinear networks for linear output in resistance 
or voltage 
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in resistance and voltage. They are available in both two- and three-thermistor 
forms, and cover a number of stock temperature ranges; for example, the YSI 
44020 thermistor network covers the range from -50 to +50°C with departure from 
linearity within *O.O9”C. 

The exchange with NASA-Greenbelt eventually bore other fruit, for it started 
a collaboration between NASA and YSI that led to the development in 1974 of a 
NASA specification for thermistors qualified for extended space flight, and the 
qualification of certain YSI thermistors under that specification in the same year. 

Aging of disc thermistors had been a long-term consideration. Many glass- 
coated bead thermistors were substantially more stable than epoxy-coated disc 
thermistors. The change in disc thermistor resistance with time, almost always in- 
creasing, was conventionally assigned to an oxygen transport phenomenon. Quite 
likely that explanation was advanced because epoxy is somewhat permeable to 

oxygen, and glass is not; that is, it was reasoned backwards. 

In 1961 a simple experiment was designed to test that proposition. The au- 
thor removed 10 thermistors from a much larger production run prior to coating 
with epoxy. These bare thermistors were divided into two groups. One group was 
stored at ambient temperature, while the second was outgassed at “high” tempera- 
ture for several days and then sealed hermetically into glass tubes. The leads ex- 
tended through the glass, allowing measurement, while within each tube the disc 
was located far enough from the point of the metal-to-glass seal to avoid exposing 
the disc to the high sealing temperature. Both groups were measured and stored. 

Both groups were measured periodically over several years. The resistance 
of the bare unsealed thermistors increased at the same rate as epoxy-coated ther- 
mistors - no more, no less. The thermistors sealed into glass tubes aged at exactly 
the same rate. Was conventional wisdom - the offering of some answer to a ques- 
tion - getting in the way, as it often does, of discovering the real answer that Nature 
waits for us to discover? Of course it was; the data gathered from this simple ex- 
periment refuted the conventional wisdom hands-down. 

But in the process, new questions that were raised remained unanswered for 
years. A review of the production processes in manufacture did not turn up any 
new insights. Could change of an unconventional nature in search of a solution 
work? As it turned out, you betchal 

In the manufacturing process, following the mixture of constituent powders 
thermistors are formed into discs that approximate their final dimensions. This 

forming is done under mechanical pressures on the order of 4000 psi. The discs are 
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then sintered at temperatures in the vicinity of 1 200°C. Following sintering the fiat 
surfaces receive the silver contact medium, which is then bonded to the surfaces at 
temperatures in the vicinity of 700% 

Since the thermistor body was formed under pressure, any residual strain 
might be relieved as a gradual increase in thickness. This would account for an in- 
crease in electrical resistance. However one would think that the excursion to sin- 
tering temperature for a considerable time, followed by a second excursion to the 
silver-firing temperature, would have relieved any strain quite completely. 

Postulating the measurement of an increase in thickness of the disc equiva- 
lent to its increase in electrical resistance was reasonable in theory, but an experi- 
ment to prove it was impossible, then, to carry out. Since thickness was on the or- 
der of 0.25 mm and an increase of thickness of about 1 part in 1000 would ap- 
proximate the electrical equivalent of about a year’s aging, it became clear that any 
instrument capable of such a mechanical measurement would need to combine 
very high resolution with extremely high base-line (point of reference) stability 
while making measurements over a period of at least a year. Laser measuring de- 
vices had not yet become available (they would now be capable of such measure- 
ments. It is not 50 certain that a stable means of mounting the thermistor and the 
laser would be possible). 

But if the aging phenomenon is a function of strain relief, applying and 
maintaining a means of preserving the strain moght result in improved stability. 
Glass-coated bead thermistors generally displayed better stability than epoxy- 
coated discs, (although interchangeability tolerances were many degrees: if disc 
thermistors could be coated with glass, the advantage of grinding to tight toler- 
ances might be preserved). Was the restraining force of the glass, rather than its 
impermeability to oxygen, responsible for that difference? 

To coat a YSI disc thermistor with glass would require a different means of 
attaching the lead wires, since the temperature needed to fuse the glass into an in- 
tegral coating would melt the solder attaching the leads. During 1981 a form of 
thermo-compression bonding was devised and used to attach leads to some ex- 
perimental thermistors. Glass was then fused around the discs without at the same 
time soaking the lead wires loose. 

Several glass-coated disc thermistors were subjected to accelerated aging 
tests, and quickly demonstrated superior stability with respect to temperature and 
time. These were followed by a much larger lot, which was tested over an ex- 
tended period, and the results showed an order of magnitude better stability com- 
pared to epoxy-coated discs. During March, 1982, preliminary results of this de- 
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velopment were incorporated into a paper presented at the Sixth Annual Sympo- 
sium on Temperature [6]. Several different component values were also introduced 
into the market. For more than 10 years these “Super-Stable” thermistors have es- 
tablished themselves as preeminent high-performance tight-tolerance temperature 
sensors. 

In 1961 YSl’s line of commercial thermistors defined what remains the state 
of the art of epoxy-coated thermistors and made practicable the development of 
thermilinear thermistor networks. Today the state of the thermistor art remains es- 
sentially where it was in 1982, although there have been improvements and sim- 
plifications in the production processes. Fascinating questions remain. Are glass- 
coated discs more stable simply because the glass imposes a restraining force to 
oppose strain relief? Is some other mechanism at work? In any event, the future 
seems certain to continue to favor thermistors as the highly-sensitive and stable re- 
sistance thermometers of choice over their usable ranges and in many applications. 

[EDITOR’S NOTE] 

Essentially the same technique was applied to perhaps the most stable and 

precise wire-wound d-c resistance standard ever produced; the Thomas 1-D stan- 
dard resistor, developed by Dr. J. L. Thomas at the NBS. This resistor was made 

from thick (about 2 mm diameter) manganin wire, and wound to be slightly too 
low in resistance. Then, after it had been heat-treated and otherwise made very 
stable, it was brought into tolerance by gently and locally filing away some of the 
surface of the wire. Tolerances of *5 ppm (rtO.O0050%) were achieved by this sim- 

ple means. (Measured resistance was given by the manufacturer to 1 part in 10 
million at 25°C). A bank of Thomas resistors was the National standards base for 
the ohm at the NBS and in many other nations, for many decades, until the emer- 
gence of the quantum-Hall-effect (Van KlitzingJ resistance late in this century. 
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solute Physical Quantities of the National Bureau of Standards. Before and after his 

retirement, he was (and is) keenly interested in assisting young entrepreneurs in 
starting and establishing technical business ventures. He has been a Trustee and 
Chairman of the Board of Antioch College, has served on and chaired numerous 
Boards of community, social-interest and scientific organizations. He is a member 
of the National Academy of Engineering. His avocations include the restoration of 

antique radios and automobiles, and he has a notable collection of his favorite 
cars, the Chrysler Airflows. 
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