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ABSTRACT
Physical insight into the frictional behaviour of surfaces in contact with vacuum and other special 
environments is important for the accuracy of positioning mechanisms operating in these environ-
ments. The positioning accuracy and drift in these mechanisms are strongly infl uenced by the frictional 
behaviour of the mating materials. The cause for both drift and positioning accuracy is stick-to-slip and 
slip-to-stick transitions at asperity level, resulting in a displacement at macrolevel. Adhesion as well 
as friction experiments were performed for single asperity and multi-asperity contacts both in ambient 
and high vacuum conditions on a novel designed vacuum-based adhesion and friction tester. This paper 
discusses the experimental setup designed and manufactured to investigate the adhesion and friction 
behaviour of a single asperity contact. The intrinsic roughness of the ball and the fl at will form a multi-
asperity contact. Pull-off and friction force measurements can be performed with the resolution better 
than 5 μN. The maximum normal load that can be applied with this system is 100 mN. The setup is 
capable of working at 10-6 mbar vacuum level as well as in ambient conditions. Experimental results 
show that the surrounding environment and roughness play an important role both in the adhesion force 
and friction force measurements. The friction force measurements show good agreement with the basic 
theories of contact mechanics. 
Keywords: Adhesion force, force–displacement curve, friction force, high vacuum, mechanical 
 vibrations, multi-asperity contact, positioning accuracy, single asperity contact

1 INTRODUCTION
Adhesion force is present between two surfaces when brought closer or made contact with 
each other. This force is generally caused by the superposition (expressed in eqn (1), [1]) of 
different kinds of surface forces like van der Waals forces, electrostatic forces, capillary 
forces and other interacting surface forces, see Israelachivili [2]

 Fa = Fvdw + Fcap + Fel + … (1)

where Fa(N) is the adhesion force, Fvdw(N) is the van der Waals force, Fcap(N) is the capillary 
force and Fel(N) is the electrostatic force. The adhesion force strongly depends on many phys-
ical factors such as surface energy, surface roughness, geometry and size, separation, applied 
normal load, environmental conditions like pressure and temperature, duration of contact, 
hydrophilic or hydrophobic nature of the contacting surfaces, see Bhushan [3].

Water is present on any (hydrophilic) surface in an ambient (humid) environment. 
The water layers are present on the surface and the thickness of this layer depends on the 
relative humidity, see Israelachivili [2]. When two surfaces come in close proximity or con-
tact the water layers form a meniscus and the surface will stick together. Capillary/meniscus 
force, if present, are dominant and contribute most to the total adhesion force present in the 
contact as explained by van Zwol et al. [4]. However, if the surfaces are rough this adhesion 
force due to capillary formation will reduce two orders of magnitude with one order of rms 
roughness changes, see van Zwol et al. [4].
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The infl uence of adhesion on the contact was investigated by developing different theories 
and models at macro, micro and nanoscale, see Johnson and Greenwood [5]. In case of micro 
and nanoscale experiments, the fundamental laws of friction are not obeyed and the system is 
dominated by adhesion-infl uenced contact mechanics, see Feldman et al. [6]. Johnson, 
 Kendall and Roberts (JKR), Derjaguin, Muller and Topolov (DMT), Tabor and Maugis- 
Dugdale (MD) presented contact mechanics models for elastic deformation in the contact 
incorporating the adhesion force. Furthermore, the work of adhesion in the contact can be 
calculated by measuring the adhesion force or pull-off force and using the applicable contact 
model for the system, see Johnson and Greenwood [5].

The adhesion and friction forces are present when the surfaces are in contact under an 
applied normal load and are subjected to a lateral (tangential) motion. The friction force can 
be divided into two regimes, the static friction regime and the dynamic friction regime. 
Before sliding occurs, so during the static friction regime, there is always a displacement in 
the order of nanometres present when a tangential load is applied to move the two surfaces 
relative to each other in lateral direction [7–9]. This displacement is termed as preliminary 
displacement or micro-slip. The presence of this preliminary displacement causes positioning 
errors at start/stop positions.

Friction, as related to positioning accuracy, is often studied for control purposes. To 
develop more accurate control algorithms, friction is taken as a part of the dynamical system; 
thus, it makes the control algorithms complicated and nonlinear in nature. An extensive num-
ber of models have been developed for this purpose as explained by Amstrong-H´elouvry 
[10] and Capone et al. [11]. Such models are typically aimed at modelling effects like a 
velocity dependency of dynamic friction. 

In this paper, the experimental setup designed and manufactured for performing adhesion 
and friction measurements at microlevel in different environments like ambient air, dry nitro-
gen atmosphere and high vacuum is discussed. Measurements performed both in ambient air 
and vacuum for different material combinations will be discussed and the results will be 
compared with the existing theory. 

2 DESIGN
A complete new vacuum-based test rig was designed, manufactured, assembled and tested. The 
main aim of this setup is to perform adhesion and friction measurements at microscale in ambi-
ent (20°C, 1 bar and 50% relative humidity) as well as in special environments like high vacuum 
(20°C and 10–6 mbar) and dry nitrogen. This vacuum adhesion and friction tester (VAFT), as 
shown in Fig. 1, comprises three positioning stages and two capacitive sensors along with a 
force measuring mechanism as shown in Fig. 1c. The setup has a ball on fl at confi guration and 
represents a single asperity contact. The ball is mounted on the indenter and the indenter along 
with the force measuring mechanism is mounted on one of the positioning stages, which can 
move in Z direction as shown in Fig. 1c. This positioning stage is used to make contact with the 
fl at surface and to apply the normal load. The fl at surface is placed on an XY stage. The X 
positioning stage is used to apply a tangential load for friction measurements. The accuracy of 
both X and Z stage is 20 nm with a stroke of 20 mm. The Y stage is used to perform multiple 
parallel measurements on the fl at surface and has a stroke of 20 mm as well. 

The measuring range of the capacitive sensors is 50 μm with an accuracy better than 1 nm. 
The capacitive sensors are mounted on the force measuring mechanism. The stiffness of the 
force measuring mechanism is calibrated. By measuring the defl ection of this mechanism 
with the help of capacitive sensors, the force can be calculated, see Yaqoob et al. [12].
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Mechanical disturbances are the major potential sources of instability and inaccuracy in a 
system. In this system, these disturbances are mainly categorized as ground vibrations, vibra-
tions from the vacuum pump and vibrations induced due to dynamic effects of the moving Z 
positioning stage. The complete system is mounted inside a vacuum chamber as shown in 
Fig. 1b. A special three-step damping technique was used to reduce these disturbances as 
explained by Yaqoob et al. [12]. 

The heart of the VAFT is the force measuring mechanism. The mechanism is designed to 
have two DOFs for measuring the normal and the friction force. The conceptual design of this 
mechanism has been explained by Awtar [13]. It was required to have a mechanism which 
can measure the two perpendicular forces independently. The mechanism consists of eight 
compound parallelogram frictionless hole–hinge fl exure mechanisms as shown in Fig. 2. 

In this mechanism, there are four rigid stages: ground, motion stage and two intermediate 
stages as shown in Fig. 2. The intermediate stages are necessary to decouple and isolate the 
motion of the two axes. The four compliant units are called Flexure A, B, C and D and their 
respective mirrored compliant units are Flexure A′, B′, C′ and D′. 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 
fl exure A, A′ and C, C′ defl ects 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 fl exures are com-
pensated by the secondary motion stage. Furthermore, this force measuring mechanism is 
relatively insensitive to thermal disturbances and manufacturing errors due to its symmetry.

Figure 1: (a) Description of components mounted to reduce vibrations. (b) Adhesion and 
friction tester mounted inside the vacuum chamber. (c) Internal view of VAFT 
showing all the components.
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The force measuring mechanism has been calibrated and the stiffness of the mechanism 
has been calculated. The calibrated stiffness of the force measuring mechanism calculated by 
the slope of the force–displacement curve is 3.75 mN/μm, see Yaqoob et al. [12].

One of the challenges in developing this setup was to build a routine for fi nding a reference 
position accurately where the ball and the fl at are in contact. As explained earlier that the 
system has intrinsic vibrations which were reduced as much as possible, these vibrations 
were used to fi nd the contact. When the ball and the fl at are not in contact the capacitive sen-
sors will read the defl ection of the hinges which will be varying with the resonance frequency 
of the hinges. The resonance frequency of the hinges is 30 Hz and as soon as the ball touches 
the fl at surface the resonance frequency of the system shifts to 80 Hz due to the increase in 
the stiffness of the system. The power spectrum of the defl ection signal from the sensors is 
used to fi nd this frequency shift and used as an input in the control software for controlling 
the stages developed in LabView.

3 RESULTS AND DISCUSSION
Experiments were performed with two kinds of contacting bodies. The fi rst type depicts a 
single asperity contact with silicon (Si) and silica (SiO2) ball and a smooth fl oat glass fl at 
surface, referred as Si–Glass and SiO2–Glass interface. The second type is a relatively rough 
sapphire (Al2O3) ball and a smooth fl oat glass fl at, Al2O3–Glass interface and Zirconia 
(ZrO2) ball and a rough ZrO2 fl at surface, referred as ZrO2–ZrO2 interface, representing a 
multi-asperity contact. These materials were used to perform adhesion experiments both in 
ambient and high vacuum conditions. The friction experiments were performed only with 

Figure 2: Detailed design of the force measuring mechanism showing the primary and 
secondary moving stages and the compound parallelogram hole–hinge fl exure 
mechanism. 
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Si–Glass interface both in ambient and high vacuum (HV) conditions at different applied 
normal loads. The material properties of the materials used are shown in Table 1 and were 
reported by Xu et al. [14], Harnett et al. [15] and Krol and Krol [16].

3.1 Adhesion force measurements

Adhesion force measurements were performed with Si–Glass, SiO2–Glass, Al2O3–Glass 
and the ZrO2–ZrO2 combinations both in ambient and vacuum. A typical force–displace 
ment curve for the Si–Glass combination in ambient is shown in Fig. 3. This force– 
displacement curve represents the applied normal load plotted against the vertical 
displacement of the Z stage. In Fig. 3, the three different areas of the force–displacement 
curve are shown. Two distinctive regions of the force–displacement curve are shown which 
represents before and after the contact situation. The Z stage starts moving downward from 
the home position, until the desired normal load is applied after making the contact. This 
section of the curve is called “Loading” or approach and is represented by the dashed line. 
The part of the measurement where the contact is made and the fl at surface is loaded and 
unloaded is also shown in the insets of Fig 3. The hysteresis in the loading–unloading loop 
is typical adhesion hysteresis because the work needed to separate two surfaces is greater 
than the work that was gained by bringing them together as explained by Yoshizawa et al. 
[17] and Liu and Bushan [18]. 

The exact pull-off point is shown in the inset of Fig. 3a, which is zoomed in area where the 
two surfaces are brought in contact. The contact is broken from the surface at the “Pull-off 
point” when the Z stage is moving upward as shown in the inset of Fig. 3a. This section of the 
curve is called “unloading” or retract and is represented by the solid line. The negative value 
of the force represents the adhesion force present in this particular system and environment. 
Furthermore, it can be seen from the graphs that the fl at surface has been loaded with 10 mN 
by the silicon ball. The corresponding adhesion force is about 1 mN. After the breakaway the 
dynamic effects in the measurement data can be seen.

With the same system, the adhesion force measurements in vacuum have also been performed 
and similar force–displacement curves at a pressure of 10−6 mbar is shown in Fig 3b. A signifi -
cant difference in the pull-off force is observed when measured in vacuum compared with 
ambient. With the applied normal load of 10 mN, the adhesion force measured is about 380 mN. 

Table 1:  Material properties of the contacting surfaces.

Properties
Material

Elastic modulus 
E (GPa)

Surface energy, 
g (mJ/m2)

Roughness, 
Rq (nm)

Radius, 
R (mm)

Si ball 168 44.1 ± 3.1* 2 2.5
SiO2 ball  74 44.1 ± 3.1 3–5 2.5
Sapphire ball 463 41.1 8–10 2.5
Float Glass fl at  74 83.4 1 ∞

ZrO2 ball 200 45.6 550 (Fig. 4) 0.4
ZrO2 fl at 200 45.6 500 (Fig. 4) ∞

*Surface energy of SiO2 because of oxide layers present on the surface.
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Figure 3: A typical force–displacement curve between vertical displacement and normal load 
to measure adhesion force in (a) ambient and in (b) HV conditions.

The contact time for both measurements was kept the same to eliminate any  transient effects. 
This signifi cant difference in the pull-off force in vacuum conditions is because of the dif-
ferent magnitude of the meniscus and van der Waals forces that are contributing to the 
adhesion force [19]. It is evident from this result that the Si–Glass interface undergoes a 
completely different contact situation only because of the change in the surrounding 
 environment.

Adhesion force measurements both in HV and ambient were also performed with a rough 
ZrO2 ball against a rough ZrO2 fl at surface. The height profi le measurements performed with 
the Keyence Laser Scanning Microscope are shown in Fig. 4. The scan area is 145 × 109 μm2 
for both the spherical and fl at surfaces. The roughness measurement of the ball is performed 
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after correcting the tilt and spherical profi le into a plane. The corresponding rms line 
 roughness values for ZrO2 ball and ZrO2 fl at surface are 550 and 500 nm, respectively. The 
pull-off force for the multi-asperity contact in both environments was signifi cantly lower than 
the single asperity contact. There are small microcontacts present in the contact and, there-
fore, the real area of contact is much smaller than the nominal area of contact, which reduces 
the pull-off force signifi cantly. Furthermore, capillary force and the van der Waals force 
scales with the radius of the spherical surface (here contacting asperities), see Israelachivili 
[2]. Similar results have been reported by van Zwol et al. [4]. Rabinovich et al. [20] and van 
Zwol et al. [4] also showed that the adhesion force reduces two orders of magnitude with the 
increase of rms roughness from 1 to 10 nm.

In Fig. 5, the results are shown for the adhesion measurements of the ZrO2–ZrO2 inter-
face. The normal load of 10 mN is applied on the ZrO2 fl at surface with a ZrO2 ball of 
diameter of 800 μm. Furthermore, when the system is unloaded a force of about 30 mN is 
required to break free the contact as shown in the inset of Fig. 5a. This force is signifi cantly 
lower than the pull-off force as shown in Fig. 3. There are many reasons for a lower pull-off 
force for ZrO2–ZrO2 interface. First, the radius of the ZrO2 ball is much smaller than the Si 
ball and the adhesion force scales with the radius of the sphere. Secondly, the roughness 
values of the ZrO2–ZrO2 interface and the Si–Glass interface are very different. The adhe-
sion force decreases signifi cantly for the rough surface as compared with smooth surfaces, 

Figure 4: (a) Roughness measurement of 0.8-mm ZrO2 ball. The fi gure shows the height 
profi le, line profi le and a 3D image of the fl attened ball. (b) Roughness measurement 
of ZrO2 fl at surface.
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see van Zwol et al. [4]. Thirdly, the work of adhesion or surface energy also infl uences the 
adhesion force which is not of that importance in ambient conditions since the adhesion 
force is dominated by the capillary force. Also, as can be seen in Table 1 the surface energy 
of SiO2 and ZrO2 is very close to each other, so this might not infl uence signifi cantly the 
adhesion force. However, the hydrophilicity of the surfaces is important since the capillary 
force strongly depends on the contact angle of the surface. 

Similarly, the adhesion force for the ZrO2–ZrO2 interface in HV conditions is measured. 
The applied normal load in this case is 11 mN and the corresponding pull-off force is approx-
imately 13 μN. So it can be deduced that the pull-off force is reduced 50% when operated in 
vacuum for multi-asperity contact. This decrease is somewhat different than the reduction in 
pull-off force for the single asperity contact which was about 60%. However, the magnitude 
of adhesion force in HV for single and multi-asperity contact is signifi cantly different. 

Figure 5: Adhesion force measurement between ZrO2 ball and ZrO2 fl at surface in (a) ambient 
and (b) HV conditions.
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As explained earlier, this reduction in the adhesion force is strongly dependent on the radius 
of the sphere, contact area and roughness.

The results of adhesion measurements for different material combinations mentioned above 
are shown in Fig. 6. The measurements have been performed by applying a constant normal 
load of 10 mN and by keeping a constant contact time of 5 sec both in ambient and HV condi-
tions. A signifi cant difference can be seen when the measurements are performed in ambient 
and HV conditions. For all the material combinations, the adhesion force is reduced when 
measured in HV. On the other hand, a signifi cant change in the adhesion force can be seen 
between relatively smooth Si–Glass and SiO2–Glass interfaces and relatively rough Al2O3–
Glass and rough ZrO2–ZrO2 interfaces. Each measurement point consists of at least 10 pull-off 
measurements, and the error bars show one standard deviation of the measurement data.

3.2 Friction force measurements

Experiments were performed to study the frictional behaviour of the Si–Glass interface. A 
typical force–displacement curve for measuring the friction force is shown in Fig. 7. The 
force measured with the force measuring mechanism in the tangential direction is plotted 
against the horizontal displacement of the X stage. These friction force loops show the fi rst 
loading–unloading cycle in the tangential direction after the contact is made. The X stage 
moves towards right to load the contact tangentially as shown in Fig. 1a. In Fig. 7a, a friction 
loop is shown for measurements performed in ambient conditions. The fl at surface is loaded 
with the desired load with the help of Z stage and then the tangential load is applied with the 
help of X stage. Similar friction force loops have been measured in high vacuum conditions 
and an example is shown in Fig. 7b. Moreover, the static and dynamic friction regimes are 
distinctively seen along with the preliminary displacement da and gross slip regions. In ambi-
ent conditions in this particular case the applied normal load is 6.5 mN, which resulted in 3.3 
mN of friction force and 2 μm of preliminary displacement. However, in the vacuum 

Figure 6: Adhesion force measurements for different material combinations in ambient as 
well as in HV conditions.
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 environment the applied normal load is 9 mN and a friction force of 2 mN with a preliminary 
displacement of 0.7 μm.

The coeffi cient of friction (COF) and preliminary displacement (δa) as a function of applied 
normal load both in ambient and high vacuum conditions are shown in Fig. 8. A signifi cant 
decrease is seen when the same system is operated in the high vacuum environment both for 
the preliminary displacement and the COF. According to Hertz theory, the contact area is 
proportional to the applied normal load to the power 2/3 as shown in eqn (2) and the friction 
force is given as shown in eqn (3)
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The COF is defi ned by the following equation:
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Assuming a constant shear stress τ of the interface, the COF is proportional to the applied 
normal load to the power −1/3 as shown in eqn (4). However, the Hertz theory does not 
incorporate adhesion effects that are important to consider at low applied normal loads as 
explained by Johnson [21]. JKR, DMT and M-D theories are few examples of incorporating 
adhesion effects. A comparison of contact area as a function of normal load for Hertz, JKR and 
DMT models is shown in Fig. 9 for Si ball of 5-mm diameter. The normal load dependency of 
the contact area as explained in eqn (2) by Hertz remains more or less same in JKR and DMT 
theories. Therefore, to extract the normal load dependency of the contact area even when the 
adhesion plays an important role Hertz theory can be used. 

The curve fi ttings in Fig. 8a show that the measurements are in good agreement with the 
theory. Similarly, in Fig. 8b the preliminary displacement δa is plotted against the applied 
normal load. According to Mindlin [8] microslip occurs before gross slip when tangential 
load is applied to the contacting bodies. This microslip here is characterized as preliminary 

Figure 7: Typical friction force loops measuring friction force and preliminary displacement 
for Si–Glass interface in (a) ambient and (b) vacuum.
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Figure 8: (a) Coeffi cient of friction and (b) preliminary displacement against normal load 
measured both in ambient  and high vacuum  for Si–Glass system. Power fi tting 
shows the validation of the results with theory.

displacement and is given by Galligan and McCullough [22]. The relationship between 
preliminary displacement δa and applied normal load can be given as
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a a a a n
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F F F F
F

a G a F
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d d d d
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where δa is directly proportional to the tangential load Ft and inversely proportional to the 
contact radius a. The COF is proportional to the applied normal load to the power -1/3, and 
the contact radius is proportional to the applied normal load to the power 1/3, this gives us the 
da proportional to the applied normal load to the power 1/3 as shown in eqn (5). The experi-
mental results shown in Fig. 8(b) are also in agreement with the theory since the increasing 
trend is following the 1/3 power of normal load.
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Figure 9: A comparison of the contact areas calculated using Hertz, JKR and DMT models 
for Si ball of 5-mm diameter against a glass fl at surface.

Figure 10: Friction force cycles measured with a 5-mm SiO2 ball and a glass fl at surface in 
ambient conditions with an applied normal load of 10 mN.

The friction force measurements were performed with a 5-mm diameter SiO2 ball and a 
glass fl at surface in ambient conditions. The measurements were performed in a cyclic way 
to form friction loops as shown in Fig. 10. The normal load is applied using the Z stage and 
was kept 10 mN for these measurements. Once the normal load is applied the tangential load 
is applied using the X stage and is moved 2 μm to the left. The stage is then moved 4 μm to 
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the right to complete one cycle. In Fig. 10, there are six cycles shown produced by recipro-
cating the tangential load. The X stage has been moved with a constant speed of 50 nm/sec 
during this measurement. It can be seen that the friction force value for the fi rst cycle is 
different than the measured friction force for other cycles. On the other hand, the friction 
force is increasing gradually with the increase in the no. of cycles. This can be explained by 
the presence of interfacial layers on the contacting surfaces. The fi rst cycle removes most of 
the interfacial layer and causes a low value of friction force. In the second cycle, a signifi -
cant increase in the friction force is seen and for the next cycles the increase in the friction 
force is not too signifi cant. The distinctive static and dynamic friction regions can also be 
clearly seen. 

4 CONCLUSIONS
A novel Vacuum Adhesion Friction Tester has been designed to perform adhesion and friction 
measurements both in ambient and vacuum conditions. The results show that the test rig is 
capable of measuring micro adhesion and friction. The setup is able to measure adhesion and 
friction force for both single asperity and multi-asperity contacts. The experimental results for 
the single asperity and multi-asperity contact show that the adhesion force reduces when the 
interface is operating in high vacuum. The adhesion force is strongly dependent on sphere 
radius, real contact area and the surface roughness of the interface. Measurements performed 
with different material combinations having different surface roughness and sphere radius 
show decrease in the adhesion force with the increase in surface roughness. Force– displacement 
curves for friction measurements for single asperity contact both in ambient and high vacuum 
conditions have been presented. Friction force is also reduced when the same system operates 
in high vacuum. The COF and the preliminary displacement also reduce for Si–Glass system 
in vacuum. The experimental results show good agreement with the basic theories of contact 
mechanics.
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