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Abstract

Force measuring is used in various surface characterization techniques such as indenta‐
tion, scratch tests, tribological analysis, determination of gas content, etc. The main
problems related with force measurement under extreme conditions have been analysed.
A strategy that should be followed to solve these problems has been discussed and several
examples  of  successive solutions that  recently  were developed by the authors  are
presented. The need to carry out the characterization under extreme conditions poses
serious problems for the designers of the measuring systems that may include the
incompatibility of the sensors with the test conditions, undesirable interactions with other
components, stability, precision and uncertainty issues, the measurement range, etc.
Resolving these problems must be based on a global approach in which the characteri‐
zation system is considered as a whole, while the designer must analyse and solve the
possible conflicts between the subsystems. The way how an appropriate force measur‐
ing system can be selected is described. The proposed method is illustrated by an example
in which an indirect force measurement using optical fibre displacement sensor was used.
Another example describes measuring system developed for vacuum high-tempera‐
ture nanoindentation. At high temperature, proper heat management based on non-
contact heating and laminar flow cooling system is mandatory to avoid experimental data
being affected by external noise and thermal drift.

Keywords: Force sensor, Uncertainty, Modelling, Extreme conditions, Vacuum, High-
Temperature Nanoindentation

1. Introduction

Like aerospace industry itself, vacuum tribology rapidly developed in the middle of the twentieth
century pursuing to cover the needs in this growing sector in reliable durable materials and
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lubricants suitable for operating under vacuum and rarefied gas atmosphere [1–3]. By the 1970s,
when some of the problems had been resolved and the limitations of other had been defined,
further development of vacuum tribological techniques slowed down [4]. The situation changed
in 1990s driven by the advancements in various sectors including semiconductor, energy,
transport, etc. that issued new challenges for development of materials with controlled micro-
and nanostructure  for  extreme operation conditions.  For  example,  advanced tribological
materials  for  space applications must  comply with very strict  requirements on strength,
toughness, and wear resistance and also have low outgassing, emission of volatiles, high chemical
stability, low secondary electron emission, etc. [3,5,6]. Moreover, in semiconductor industry
gaseous and particular contamination associated with tribochemical degradation and wear‐
ing of materials in tribo-contacts of mechanical components is one of the main problems that
interferes  development  of  fully  automatic  robotized  technological  lines  with  enhanced
production yield.

Surface mechanical characterization in vacuum such as precise tribometry, indentation,
scratching, etc. is now enjoining a renaissance with various new techniques developed in the
last three decades [4,7–9]. These new techniques have been evolved towards both enhancement
of their features and integration with other techniques. Combination of mechanical , physical
and chemical characterization [4] has offered the opportunity to study complex processes of
gas-phase lubrication [10], mechanically stimulated gas emission [4,11–13], triboplasma [14–
16], triboelectrification [17], triboluminescence [15,16,18], emission of charged particles [19,20],
tribochemical reactions [21–25], and so on. On the other hand, nanoindentation has become
widespread as a method to study the mechanical response of materials [26], particularly the
measurement of hardness [27,28], elastic modulus [27,28], hardening exponents [29], creep
parameters [30], and residual stresses [31]. For all of these purposes, however, nanoindentation
testing has most commonly been conducted at room temperature. This is in spite of the fact
that micro-materials and devices are often employed at elevated temperatures, and deforma‐
tion physics are usually thermally activated. The use of nanoindentation to study materials
and thin films at high temperature is of high interest and undergo through several limitation
due to material oxidation, thermal drift, and machine stability [32].

Therefore, development of precise and reliable measuring systems for force and displacement
that must be compatible with extreme operating conditions and with other instruments for
physico-chemical characterization is crucial for overall performance of the techniques. In this
work we summarize some recent advances in development of force measuring systems for
high-temperature nanoindentation and ultrahigh vacuum tribometry.

2. Problems and challenges of measuring systems under extreme
conditions: resolving the conflicts

2.1. Ultrahigh vacuum tribology

Force transducers suitable for ultrahigh vacuum applications must comply not only with the
requirements on rated capacity, non-linearity, combined error, repeatability, reproducibility,
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creep, long-term stability, frequency response, fatigue life, etc. but also with a series of specific
provisions [33]. Among others these provisions include possibility of outgassing baking,
reduced emission rate of volatiles and gas desorption, appropriate thermal management and
heat sinks in absence of convection and heat conduction through the air, low emission of
electromagnetic interferences that could affect other neighbour analytic tools, low emission of
gases and volatiles, and so on. For example, strain gauges, capacitive, and inductive trans‐
ducers can cause crosstalk in charge detectors, electron multipliers, antennas and other
sensitive electromagnetic devices. Force transducers that utilize visible light may alter the
measurements of triboluminescence by introducing undesirable background radiation.

In general, selection and development of the transducers for measuring system being used
under vacuum must be done using holistic approach in which a satisfactory compromise
between the requirements set by various subsystems of the entire test rig upon the environ‐
mental and operational conditions, relative position of the components and their compatibility
must be found. A design of the tests rig in which such satisfactory compromise is achieved is
considered as optimal. Recently it was shown that an experimental system for combined
tribological and , physical and chemical characterization normally comprises seven subsys‐
tems one of which is the measurement system [4]. Therefore, optimal design must involve
matching the measuring systems with other six subsystems including vacuum, mechanical,
sample handling, environmental control, loading, and kinematics and physico-chemical
characterization (Figure 1).

Figure 1. Subsystems of a vacuum test rig for complex tribological and tribo-physico-chemical (TPC) characterization
of materials. Some of the critical relationships and constrictions between the subsystems are shown by arrows: i (blue)
– limitations between Vacuum, Mechanical, and Loading and Kinematics subsystems; ii (red) – limitations between
Vacuum and Sample handling subsystems; iii (green) – limitations between Sensors, Environmental control, and Vac‐
uum subsystems; iv (orange) – limitations between Sample handling and TPC subsystems. (Reprinted from [4] Copy‐
right 2015, with permission from Elsevier.)

2.2. Nanoindentation at high and low temperatures

In normal ambient conditions most of metallic materials, semiconductors, metal hydrides, etc.,
when heated up, experience oxidation. In many cases an oxide layer at elevated temperature
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can be as thick as the penetration depth of a tip. This poses serious problem for material
characterization through nanoindentation since the measured hardness value may correspond
to the oxide layer rather than to the substrate. To avoid oxidation the measurement should be
done in inert environment or in high vacuum. The latter is preferable because of the higher
surface cleanliness. Also, in absence of convection in vacuum more precise and efficient heating
control can be achieved. Vacuum is also desirable when indentation must be carried out at
cryogenic temperatures. In this case, vacuum is needed to avoid condensation and to cut down
thermal flow towards cold surfaces through conductivity and convection. Nevertheless, an
increase the complexity of the experimental system by adding subsystems, e.g. pumping
means, vacuum measurement, etc. can introduce important external noise or limit the system
functionality. For example, the materials being tested must be vacuum compatible, i.e. to have
sufficiently low pressure of saturated vapours at given temperature in order to reach the
required vacuum degree. Another important problem is related with deformations of the
system components due to differences in thermal expansion of construction materials. The
components of the measurement system may be subjected to important temperature gradients
when a pin and material at the indentation zone are heated up or cooled down, while some
sensitive elements including electronic circuits situated in proximity to the indentation zone
have to be maintained at room temperature. When temperature distribution in the components
of the measuring system is non-stationary it can lead to thermal drift. Therefore, the collected
data, in general, is a complex function of the mechanical behaviour of material under study,
fluctuations and noise induced due to operation of subsystems, and thermal drift. Measure‐
ment uncertainties and errors associated with fluctuations, noise and thermal drift can be
significantly reduced by correct designing of the measurement system. Analysis of some
problems that must be solved to achieve the optimal design and possible solutions are
discussed in Section 3.

3. Nanoindentation at high temperature

Development of turbomolecular pumping system with a magnetically suspended rotor
(maglev) and oil-less primary pump has offered a cost-effective and clean solution for those
applications where vibration is a serious problem. By combining opportune materials with
maglev pumping system it is possible to significantly dump vibrations in nanoindentation
systems. Nevertheless, it is not enough when vibrations due to thermal expansion happen. An
interesting solution was presented in [34,35]. It is based on an active top referencing configu‐
ration which eliminates almost entirely the problem of noise and, furthermore, reduces to
negligible values the instrument frame compliance. Such substantial improvement has been
achieved by the use of a unique principle of load and displacement measurements. So far all
existing nanoindentation systems have been based on only one actuator and one sensor. The
ultra nanoindentation method uses two separated actuators and three separated sensors,
which provide real measurements of depth and load, as well as a feedback loop that allows
continuous and accurate control of the applied load (Figure 2). In particular, each axis has its
own actuator, displacement and load sensors. For both axes, the displacement is applied via
piezo actuators A1 and A2. The load on the indenter and the reference is obtained from the
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displacement of the springs K1 and K2, measured with capacitive sensors C1 and C2. The
displacement of the indenter is measured relative to the reference through the differential
capacitive sensor C3.

Figure 2. Schematic design of Ultra Nanoindentation head. FN – normal load; A1 – Indenter’s piezo actuator; A2 – Ref‐
erence’s piezo actuator; K1 – Indenter’s load cell spring; K2 – Reference’s load cell spring; C1 – Indenter’s load cell
capacitive sensor; C2 – Reference’s load cell capacitive sensor; C3 – Penetration depth differential capacitive sensor.

Continuous control of normal force on both the indenter and the reference is ensured by precise
feedback loops. The crucial components used in the measurement head are made of Zerodur®,
a material with extremely low coefficient of thermal expansion (0.01×10-6 K-1 over the range 0
°C – 100 °C).

Considering it as a starting point, addressing the thermal drift problem is the next step before
performing high precision nanoindentation tests. The need to reduce the thermal flow at the
contact point can be achieved in two ways called passive heating and active heating, respec‐
tively. The former is based on holding the indenter in contact with the sample surface for a
time long enough to equilibrate the temperature of the involved bodies. The latter consist of
heating up the involved bodies independently. This was demonstrated to be the most appro‐
priate way, especially for temperature higher than 400 °C, that is, when incandescence becomes
important [8]. In the same work, the effect of thermal drift on the elastic modulus and hardness
measurements on standard reference materials has been analysed.

Heating the sample to be characterized is not a difficult task as any contact/non-contact heating
system can be used. However, heating the indentation tip is not easy as any contact acts as a
spring and its compliance can be read out by the force and displacement sensors. A non-contact
heating system is then preferred.

In [9] a novel patent pending non-contact heating system based on IR radiation was presented
(Figure 3). The main advantage of IR heaters is their almost zero thermal inertia. Such heating
system located in high vacuum environment uses the active top referencing system previously
illustrated for high temperature nanoindentation. The reference and indenter shafts are
irradiated independently by infrared emitters and their temperatures are read out by means
of thermocouples embedded in the tips. When the sample approaches the measurement
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device, an IR bath is established allowing a fast and precise regulation of the sample surface
temperature. Opportune reflective coatings and water cooling management in the measure‐
ment area allow reaching accuracy of temperature about 0.1 °C, that is the accuracy of the
thermocouples at temperatures as high as 800 °C.

Figure 3. Schematic drawing of the sample and tip heating systems.

Thermal drift rate was measured on oxygen free high conductivity copper (OFHC Cu) by
loading up to 100 mN in at least 30 s, holding the maximum load for few seconds and unloading
to 5 mN, that is less than 10% of the maximum load to avoid material creep (Figure 4). The
indenter was hold in contact for 1 minute and the deviation of the penetration depth was
measured along this period. A thermal drift less than 1 nm/min was recorded for all the
measurements up to 600 °C (Figure 5).

Figure 4. Thermal drift of the measuring system registered under various loads and temperatures.
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Figure 5. Indentation tests on oxygen free high conductivity copper at various temperatures.

The extrapolation of Elastic Modulus and Hardness from the uncorrected data is then an easy
task.

4. Force transducers for tribological and physicochemical characterization
in ultrahigh vacuum

4.1. Force measurement in ultrahigh vacuum

The force transducer is a device that is subjected to the force to be measured and changes it
into another measurable physical quantity through a known relationship.There are several
groups of force transducers that use different physical relationships. These transducers are
based on piezoelectric phenomenon, light pressure [37], magneto-elasticity [38], vibration,
surface waves, gyroscopic effect, electromagnetic watt balance [39], etc. Many force transduc‐
ers employ some form of elastic load-bearing element with known load-deformation behav‐
iour.Elastic devices represent the most common type of a force transducer, while the most
frequent method is to make measurements of the longitudinal and lateral strain. When a force
is applied to the elastic element it deflects and the deformation is measured by a displacement
transducer. Displacement means moving from one position of the object to another for a
specific distance or angle referencing to its own prior position rather than to an external
reference [36].

Elastic devices are made of materials which exhibit a linear relationship between the stress and
strain with low hysteresis and low creep in the working range such as metal alloys (beryllium
copper, phosphor bronze, Monel, Inconel, high-carbon and alloyed steel, amorphous metals,
etc.), silicon, borosilicate glass, etc. and are perfectly compatible with ultrahigh vacuum
conditions. The shape of elastic elements depends on a number of factors including the range
of force to be measured, required performance, sensitivity to misalignments and buckling of
the displacement transducer coupled to the elastic elements, etc.

Among different geometries of elastic elements of force transducers the most commonly used
are the bending beam, cantilever or leaf spring arranged perpendicularly to the direction of
acting force to be measured (Figure 6) [34,40]. A cantilever employed in Atomic Force
Microscopy is an example of a single beam that is used for measuring of forces in two
directions. Figure 7 shows a set-up developed for microtribological measurements and
consisting of two parallel beams [41–43].
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Figure 6. Schematic drawing of a double-leaf spring made of glass and used for simultaneous measurement of normal
and tangential forces in a microtribometer. (Reprinted from [42] Copyright 2003, with permission from Elsevier.)

The important disadvantage of a single beam configuration is that under applied load the free
end of the beam undergoes both displacement and tilting (Figure 7). In some cases tilting is
undesirable since it can lead to systematic errors in some displacement transducers.

Figure 7. Schematic drawing of a force sensor with a single leaf spring (a) and double-leaf spring (b). (Reprinted from
[4] Copyright 2015, with permission from Elsevier.)

Double-leaf spring with two or more parallel beams with their free ends rigidly connected to
a block are nearly free of this disadvantage and follows approximately straight displacements
[44]. Further improvements of the spring linearity and reducing tilting were achieved by using
symmetrical double-leaf configuration with two couples of springs facing each other on both
sides of a point, where the force is applied. Figure 8 shows a complex elastic element designed
for measuring of two perpendicular forces [45] using four compliant units (A-D) and their
respective mirrored compliant units ( A´-D´). The operation of the unit has been described as
the following: When the normal force is applied the Flexure B, B´ and D, D´ would bend to give the
desired displacement and Flexure A, A´ and C, C´ are in tensile/compressive load. Similarly, when the
lateral force is applied flexure A, A´ and C, C´ deflects to give the desired motion and Flexure B, B´ and
D, D´ are in tensile/compressive load. Any parasitic errors due to bending of compound flexures are
compensated by the secondary motion stage. Furthermore, this force measuring mechanism is relatively
insensitive to thermal disturbances and manufacturing errors due to its symmetry.
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Figure 8. Elastic element for measuring two perpendicular forces using four compliant symmetric double-leaf units.
(Reprinted from [45]).

A number of force transducers employing elastic elements in the form of parallel double-leaf
spring have been developed and patented so far for atmosphere and vacuum tribometry
[41,43,46–50]. A different approach was proposed to measure 3D forces by a single elastic
element having a shape of a hollow elastic dome [51]. Deformation of the dome is sensed by
a photodiode matrix situated at the circular baseplate of the dome.

Sensing displacement of the elastic element in vacuum can be done by almost any kind of
displacement transducer. Strain gauge technology has been the most prominent on the market
since its inception in 1938. Other types of displacement transducers include capacitive [34,52,
53], laser interferometry [54], Doppler sensor [55], linear variable differential transformer,
optical fibre strain gauge, interference-optical load cell, and so on. An optical displacement
transducers is preferable when some sensitive devices are used for physic-chemical charac‐
terization. A fibre-optic displacement sensor based on the principle of reflective light intensity
modulation is a simple, contactless and compact transducer suitable for operating under
vacuum and extreme environments [41,42,56–60]. The basic principles and uncertainty
analysis of this type of the sensors are discussed in the following section.

4.2. Intensity modulated bundle fibre-optic displacement sensor

Intensity modulation fibre-optic displacement sensor (IMFODS) consists of one or several
transmitting and one or several receiving step-index optic fibres packed in a bundle. At the
proximal end the transmitting fibres are illuminated by a light source. Light passed through
the transmitting fibres exits their distal end and is reflected from the surface, a distance to
which is being measured (Figure 9). It is assumed that the reflection is pure specular; thus,
the irradiance distribution function at the image plane is the same as for the radiant emit‐
tance at the exit from the transmitting fibre. Then the reflected light is coupled to the receiv‐
ing fibre and directed to a photodiode detector to measure its power. Displacement of the
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reflecting surface towards or backwards the distal end of the bundle will modulate the radi‐
ant power of light entering the receiving fibres, thus producing variable electrical signal on
the photodiode [61,62]. A thorough explanation of the operating principles of the intensity
modulation optic fibre displacement sensors is given in the literature [56,62–64].

Figure 9. Geometrical considerations of a two-fibre sensor.

The irradiance distribution function at the image plane and the configuration of the receiving
and transmitting fibres within a bundle provide the necessary information to determine the
sensor modulation characteristic, i.e., the electrical signal at the photodiode detector vs.
displacement.

Normally, IMFODSs have two measurement regions: one at near side (front slope) and another
at far side (back slope) of the modulation characteristic (Figure 10).

Figure 10. Typical characteristic of IMFODS.
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It is gener0ally assumed that both regions are linear. So, when the slope K, of a linear region
is known, displacement of the target surface, ∆l, can be easily determined from the difference
in the output voltage at the final, Uf, and initial, Ui, positions of the target surface [65]:

( )f il K U UD = - (1)

Assuming that the measurements of output voltage at the initial and final positions are
independent and have the same uncertainty, uu, the uncertainty in the displacement measure‐
ment is found from the following expression [65]:

( )
2 2

22 2K U
l

f i

u uu l
K U U

D = D +
-

(2)

where uK is the uncertainty of K.

Although linear assumption is useful for practical applications, the measurement uncertainty
is quite large since the characteristics of IMFODS are not perfectly linear in both ranges [65].
In addition, linear regions are quite narrow as compared with the total available measurement
range. All these limit the applicability of this approach.

Another approach is based on the displacement determination directly from the modulation
characteristic without any assumption on its form [65]:

( ) ( )f il l U l UD = - (3)

where l(Uz) is the distance between the sensor and the target surface corresponding to the
output voltage Uz.

In this approach an inverse modulation characteristic l=g(U) is used. g(U) is a monotonous
function with two existence domains corresponding to front and back slopes of normal
modulation characteristic.

The corresponding uncertainty is [65]:

( ) ( )
2 2

ifl l Ul U
u u uD = + (4)

where ul(U) is the uncertainty in the determination of distance l(U).

Measurement uncertainty can be found experimentally in each point of the modulation
characteristics or from the uncertainty of the normal modulation characteristic, uf(l), using the
following transformation [65]:
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( )
( )

( )

2 2

/
Uf l

l U

u u
u

df l dl

-
= (5)

In most cases the uncertainty in the voltage reading is much below the uncertainty of the
modulation characteristic, so (5) can be simplified:

( )
( )

( ) /
f l

l U

u
u

df l dl
» (6)

These formulae indicate that knowledge of the modulation characteristic is required for
displacement measurement and determination of its uncertainty.

So far, several models were developed for modulation characteristic of a single pair of fibres
and different irradiance distribution function: uniform [56,62,66,67], Gaussian [61,64,68],
modified Gaussian [69,70], uniangular [63], theoretical [56]. Though these models showed
good correlation with the experimental results, most of them have not been studied for
multiple bundled fibres. Cao and co-workers [64] developed a model for the optical fibre
bundle displacement sensor for several bundle configurations assuming quasi-Gaussian
irradiance distribution function. The quasi-Gaussian, i.e., truncated Gaussian, distribution was
adopted by these authors assuming that it coincides best with the actual facts, though, no
argument for this assumption were presented. He and Cuomo [56] developed a more realistic
theoretical irradiance distribution function for the lossless step-index multimode fibre
illuminated with a Lambertian light source. This model is based on the assumption that each
light ray propagating through the optical fibre core at different angles with respect to the fibre
axis carries the same power. The model was validated for a bundle of seven fibres (six receiving
fibres surrounding a transmitting one) with core radius 50 μm and the displacement range
between 0 and 900 μm.

Before getting deeper into modelling the coordinates and geometrical considerations must be
defined. It is assumed that light exits the transmitting fibre with a conical shape with a critical
angle θc (Figures 9 and 11). The radius of a light spot at the image plane is a function of distance
D between the distal end of the bundle and the reflecting surface:

0 2 tanc cq x D q= + (7)

and corresponding dimensionless critical radius:

0 0

21 tanc
c c

q Dk
x x

q= = + (8)
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The distance between the centres of adjacent fibres depends on the core diameter and the
cladding thickness: aa = 2(cl + x0), whereas for any other pair of fibres within a bundle the
distance between the fibre centres an is a function of the bundle configuration. The corre‐
sponding dimensionless distance is m = an/x0. For simulation purpose, m was varied propor‐
tionally to the dimensionless distance between the centres of the adjacent fibres that in our
case was 20/9.

The reflected light collected by a receiving fibre depends on the subtended area, Si, and the
irradiance distribution function, Ii, there on. The subtended area shown by the shadowed
region in Figure 11 is determined as function of only geometrical parameters from the
following expression:

( ) ( )( )2 2 1 2
0, sin sin sin , 1i c c c c cS D x k k mk k mq j j j-= + - £ + (9a)

( ) ( )( )2 2 1 2
0, sin sin sin , 1 1i c c c c cS D x k k mk m k mq j p j j-= + - - + < < + (9b)

where

( )( )1 2 2cos 1 / 2 .c ck m k mj -= + - (10)

The above model is a further development of more simple models that account only for certain
fixed distance between the fibres [63,67,69,70]. In addition, this model corrects some errors
present in [63].

Figure 11. Geometry for determination of subtended area for a pair of fibres placed at an distance an between their
centres.
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The received radiant power is calculated by integration the irradiance distribution function
over the subtended area (Figure 11):

max 2 2
2 1
0

1

1cos
2

i

k

ig i i
S m

k mP I dS x I k dk
km

-

-

+ -
= =ò ò (11)

where kmax = m + 1 or kmax = kc whichever is smaller.

In the simplest case the irradiance distribution function is assumed uniform over the light spot.
Then, assuming the reflection losses negligible, the irradiance at the image plane is determined
as follows:

2
0

0 2iu
c

xI I
q

= (12)

where I0 is mean radiant emittance at the exit from the transmitting fibre.

The radiant flux directed to the photodiode detector is given by the following expressions in
dimensionless form:

( )( )2 2 1 2
c2

0 0

sin sin sin , 1i
c c c c

P k k k mk k m
I x

j j j- -= + - £ + (13a)

( )( )2 2 1 2
c2

0 0

sin sin sin , 1 1i
c c c c

P k k k mk m k m
I x

j p j j- -= + - - + < < + (13b)

2
c2

0 0

1i
c

P k k m
I x

p -= > + (13c)

In more complex model the irradiance distribution is simulated by Gaussian function [61]:

( )
2

0
2 2expig
c c

I kI k
k k

æ ö
= -ç ÷

è ø
(14)

After substitution (14) in (11) the received radiant power can be obtained by integration in
polar coordinates:
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max 2 2 2
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c2 2
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12 exp cos
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-

æ ö + -
= -ç ÷

è ø
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Finally, the most realistic theoretical irradiance function was developed by He and Cuomo [56]
as a piecewise-defined smooth function composed of eight formulas. These formulas combine
according to the values of the parameters k and kc. Five of these formulas correspond to the
interval k ≥ 1:

( ) ( ) ( ) ( )1 1 1 1 10
2

1 1tan 1 tan 1 tan tan ,1
2 1

2and1

c
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c

c

I d k kI k k k d k
d dd

k k

q
- - - - -æ ö- -æ ö= - - - + - £ £ç ÷ç ÷- è øè ø

£ £

(16a)

( ) ( ) ( )

( ) ( )
( )

1 1 1 1 1 10
2

2 2
0

22

π 1tan tan 1 tan
42 1

1 1 d
ln , 2,1 2and 2;

8 1 d 1

it
c

c
c c

c c

I d kI k d d k d
dd

kI k k k k
d k

q

q

- - - - - -

-

-

-æ ö= - - - +ç ÷- è ø

- +
+ > £ £ ³ -

+ -

(16b)

( ) ( ) ( )

( ) ( )
( )

1 1 1 1 1 10
2

2 2
0

22

1tan tan 1 tan
42 1

1 1
,k 2,1 2and 2;

8 1 1

it
c

c c
c

I d kI k d d k d
dd

k dI In k k k
d d k

p
q

q

- - - - - -

-

-

-æ ö= - - +ç ÷- è ø

- +
+ > £ £ < -

+ -

(16c)

( )
( ) ( )( )
( ) ( )

2 22

0
2 22

1 1 1
ln , 2, 2and 2;

8 1 (1 1

c
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where d = 2D/x0.

The radiant power received by the receiving fibre was calculated numerically in dimensionless
form for three irradiation distribution function. The results are given in Figure 12.
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Figure 12. Elemental two-fibre modulation characteristics for various light intensity distribution functions: a) uniform,
b) Gaussian, c) He-Cuomo theoretical distribution. Insets show the offset (blind) regions. (Reprinted from [65] Copy‐
right 2013, IOP Publishing.)

The graphs of dimensionless received radiant power vs. D/x0 for uniform irradiance function
show a horizontal offset at the origin, Off, that increases with increasing m (Figure 12a). The
offset in dimensionless form can be determined from the following expression:

2
2 tanff

c

mO
q

-
= (17)

For adjacent fibres O ffa =
cl

2 tan θc
, i.e., is proportional to the cladding thickness. When m increases

the value at the maximum decreases and the peak gets less sharp. The falling edges of all peaks
converge to the function (D/x0)− 2.

For Gaussian irradiance distribution function, the falling edge of all graphs is much more
gradual as compared with the uniform irradiance model and all the graphs converge at larger
displacements than for the uniform irradiance model (Figure 12b).

The graphs for He-Cuomo irradiance model are much less sharp as compared to other models
considered above. After reaching the maximum the graphs decrease but do not converge in
the studied range of D. For all irradiance distribution functions, the offset of the graphs is the
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same since it depends only on the cladding thickness; however, for He-Cuomo model the graph
raises very smoothly just after the offset, thus creating illusion of a bigger offset.

To compare the resulting graphs the plots for m=20/9 were normalized dividing by the
corresponding maximum values (Figure 13). The position of the maximum shifts to larger D/
x0 in the following order: Uniform ,U, Gaussian, G, He-Cuomo, H-C, models. Also, the slopes
of the front and falling edges of the peaks decrease following the same order. It should be
mentioned that for He-Cuomo model the falling edge of the peak is much higher at larger
distances than for other two models.

Figure 13. Normalized received radiant power for Uniform, Gaussian and He-Cuomo irradiance functions.

In many cases the transducers have more than one of each transmitting and receiving fibres
assembled in a bundle. Independently of the order of the fibres in the bundle, the resulting
signal of the photodiode detector can be found as a superposition of the signals from the
individual receiving fibres. In turn, the signal on a receiving fibre is proportional to a sum of
the received radiant power from each transmitting fibre. Therefore, the total voltage at the
photodiode detector can be determined by summation [65]:

( ) ( ) ( )
1 1 1

, ,
tr r j Nl N l N

r i
l l j

U D U D P l j D
== =

= = =

= µå å å (18)

where Pi(l,j,D) is the radiant power from the j-th transmitting fibre subtended by the l-th
receiving fibre at a distance D from the reflecting surface, Nt is the number of transmitting
fibres and Nr is the number of receiving fibres.

The output voltage of the sensor depends not only on the distance to the reflecting surface and
the irradiance function but also on an(l,j), i.e., on the configuration of the fibres within a bundle.

A summation model for equally spaced fibres with 1×2 periodicity was developed in [64]. It is
worth mentioning that the adjacent fibres contribute most significantly to the rising front of
the resulting modulation characteristics of the sensor.
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The effect of bundle configuration was modelled for a bundle containing 85 fibres with a fibre
core radius x0 = 22.5 μm and cladding thickness cl = 2.5. Geometry and enumeration of
individual fibres in the bundle are shown in Figure 14.

Figure 14. Three bundle configurations were modelled The numbers denote the centres of individual fibres.

The following three configurations of a bundle were modelled: alternating linear configuration
of fibres (a line of transmitting fibres followed by a line of receiving fibres and so on), semicircle,
and random configuration. The results for alternating linear configuration and for the
semicircular one are shown in Figure 15.

Figure 15. Modulation characteristics of a IMFODS with a) alternating linear configuration of transmitting and receiv‐
ing fibres; b) semicircle configuration of emitting and receiving fibres. U – uniform irradiance function; G – Gaussian
irradiance model; H-C – He-Cuomo theoretical irradiance function.

For the alternating configuration of fibres, there is a large number of transmitting fibres
situated at a short distance from the receiving ones. Therefore, for all three irradiance distri‐
bution functions the plots have sharp peaks at the falling edge resulting from the contribution
of the nearby transmitting fibres. However, for He-Cuomo function these peaks are less
important than for other functions. A similar effect can also be observed for the semicircle
configuration (Figure 15b). Whereas the sensor is being retracted from the reflecting surface
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new rows of receiving and transmitting fibres enter synchronously into the light spot at the
image plane producing sharp steps on the modulation characteristic. Again, for He-Cuomo
model the graphs are smoother than for other irradiance distribution functions.

Earlier Cao et al. [64] simulated modulation characteristics of an IMFODS using various bundle
configurations including the “random” one. In fact, the configuration they referred to as
“random” was an ordered one with a definite pattern (see Figure 2 in [64]). In this work, real
random distribution of the fibres was obtained using a random number generator. Five
different random configurations were created. Figure 16 a shows mean modulation charac‐
teristic determined as a mean of five particular modulation characteristics corresponding to
five random bundle configurations. In addition, standard deviation and error of mean were
determined for all models. Despite the use of random configuration followed by averaging of
particular modulation characteristics, the graphs in Figure 16 for uniform and Gaussian
models have important corrugation in the region near to the maximum. However, He-Cuomo
model gives very smooth modulation curve without any significant peaks and corrugation.

Figure 16. a) Mean modulation characteristic of a bundle optical fibre displacement sensor with random configuration
of transmitting and receiving fibres. Portion of graphs fitted by linear function is shown by vertical dashed lines. C –
experimental data, U – uniform model, G – Gaussian model, H-C – He-Cuomo theoretical model. b) Relative standard
error for random configuration of a bundle and different irradiation distribution functions. Inset: Absolute dimension‐
less value of standard error for random configuration and He-Cuomo theoretical irradiation distribution. Graph C is
the difference between the mean modulation characteristic and the experimental data.

Graph C in Figure 16 a represents experimental calibration graph of a bundle optical fibre
sensor. This graph is well fitted by the He-Cuomo modulation characteristic within the interval
of dimensionless displacements from 0 to 20. This finding is consistent with the results
published earlier by He and Cuomo [3] in the same range of dimensionless distances. The
absolute difference between the two graphs (C) and the standard error for He-Cuomo model
(H-C) are plotted in the inset in Figure 16b. The standard error reflects dispersion of the mean
modulation characteristic related to variation of the bundle configuration. Within the interval
of displacements from 3 to 20 the absolute difference between the theoretical and experimental
graphs does not exceed standard error, thus indicating that this difference is due to mismatch
between the theoretical and real bundle configurations. A sharp peak at the beginning can be
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attributed to the experimental error related to limited measurement capacity of the experi‐
mental test rig. At the displacements larger than 18 graph C sharply increases indicating
significant divergence between two graphs. The slope of the H-C graph decreases, whereas
the slope of the experimental graph remains almost constant (Figure 16a). Surprisingly, the
experimental calibration curve cannot be fitted on the entire range of the displacement using
only He-Cuomo theoretical model.

In the range of D/x0 between 18 and 35 all the plots, both calculated and the experimental, are
almost linear. All graphs were fitted in this range by a linear function using a least-squares
method and mean slope and the standard error (se) were determined for these linear functions
(see Table 1). Adjusted coefficient of determination for all fittings was larger than 0.99. The
mean slope of the experimental calibration graph is very close to that of the Gaussian model,
although the difference between the mean slopes is statistically significant.

Symbol Uniform Gaussian He-Cuomo Calibration

Mean slope −2.22 × 10-2 −2.08×10-2 −1.63 × 10-2 −1.91 × 10-2

se 3.64 × 10-5 2.08 × 10-5 1.76 × 10-5 7.36 × 10-5

Sample volume 426 426 426 32

Table 1. Mean slope of fitted linear functions, standard error of the slope (se) and the sample volume for calculated
modulation characteristics and experimental calibration graph.

Seemingly, the reason for the discrepancy between the calculated and the experimental
modulation characteristics should be sought in some discrepancy between the real irradiance
distribution function and the function used in He-Cuomo model. To fit the experimental data,
the real irradiance distribution function should conceivably combine the characteristics of both
Gaussian and He-Cuomo functions: the real irradiance distribution function should have a
sharp peak at the origin as He-Cuomo function, but this central part should decrease with
increasing D/x0 as rapidly as Gaussian function.

It was reported that the experimental graph of the measurement uncertainty vs. distance is
almost identical to the simulated one obtained by varying the bundle configuration [65].
Bearing in mind that the bundle configuration was constant during the test it was suggested
that small imperfections on the mirror surface could be responsible. In fact, presence of spots
that reduce reflectivity can alter particular contributions from certain pairs of receiving and
transmitting fibres that is equivalent to changing of the bundle configuration. The imperfec‐
tions should have the size beyond a certain critical value, which is comparable with the fibre
core diameter.

Another important conclusion that has been drawn from this study is that, in contrast to
implicit expectations [71], the derivatives of the modulation characteristics have no flat features
at the near side that suggests absence of nominally linear region. Thus, using the linear
approach at the near side will lead to systematic errors related with the deviation from linearity
of the modulation characteristic. The values of these errors depend on the displacement range
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as well as on the initial and final positions. However, at the far side the derivatives of both
theoretical and experimental modulation characteristics have definite flat region, especially at
D/x0 between 30 and 50. Therefore, the using of the linear approach is justified at this side.

5. Concluding remarks

Technological advances in development of precision surface characterization techniques have
been notable in the last 20 years offering a wide range of solutions to the research community.
Several improvements were achieved thanks to the better understanding of limitations of
devices and to the development of reliable measurement techniques pushing the envelope to
extreme working conditions. This led to resolving conflicts between different subsystems by
means of a holistic approach involving different physic-chemical phenomena. As for complex
tribological characterization and indentation, an indirect measurement of the involved forces
through displacement measurements is needed, fibre optical and capacitive sensors were
found to be the most suitable. The limitations for the former are mainly related to reflectivity
loss, critical dependences of the measurement uncertainty on the minute defects on reflecting
surfaces, limited temperature range and the non-linearity of its working characteristic; for the
latter, a differential capacitive sensor is preferable leading to the need of an active reference.
In addition, use of capacitance sensor can be limited when it is used together with other
sensitive techniques due to electromagnetic interferences. However, when these kinds of
sensors are implemented in the device, their accuracy is so high that the noise floor is recorded
and overlaps the measurements. A proper damping is than needed as well as the right models
taking into account the estimated instrument cumulated uncertainty. It should then be
highlighted the need of subsystem influencing as less as possible these sensors and materials
with stable mechanical characteristics over a wide range of temperatures. It is then easy to
understand how only non-contact heating device, such as laser-based, inductive or radiation-
based heat sources, can be used to such accurate machines, and how important is to keep the
measuring device free from external noises and change of temperature.

The results presented in this chapter show that such recommendation are not utopic although
a deep experience is needed in interpreting the machine response and proper calibrations
should be carried out. As an example, Figure 17 shows the force measuring head designed by
the authors for an ultrahigh vacuum system for tribological characterization of materials and
lubricants [4]. The patented head allows measuring two forces in perpendicular directions with
very low crosstalk using two pairs of leaf springs. The displacement of the leaf springs is
measured by IMFODS mounted on corresponding micropositioning motorized stages. These
stages permit not only fine adjustment of the initial position of the IMFODS that is necessary
to reduce the measurement uncertainty but also switching from back to front slopes during
the experiment. Since the sensitivity of the IMFODS at the front slope is almost tenfold greater
than on the back slope, flexibility in selection the range in vacuum offers the opportunity to
significantly increase the measurement range.
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Figure 17. UHV compatible 2-axes force sensor. 1 – the base plate; 2 – the pin; 3 – one of the two leaf-springs used for
measuring y component of the force ;4a and 4b – the leaf-springs for measuring x component of the force; 5,6 – IM‐
FODS; 7 – mirror of the x-stage; and 8 – microactuator for positioning of the optical sensor of the y-stage. (Reprinted
from [4] Copyright 2015, with permission from Elsevier.)
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