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Abstract 

Due to the deformability of a microcantilever-based probe, there is an interesting and subtle 

interplay between the probe overtravel, the tip skate on the surface, and the ultimate tangency of 

the tip of the probe with the wafer surface. The relationship between these parameters is described 

here. The scalable model is tested using a macroscopic cantilever and found to be accurate in its 

predictions. In addition, to avoid potential skate-induced damage to metallisation, the idea of zero-

skate using a cantilever-based probe has been introduced; minimal skate is demonstrated using a 

macroscopic cantilever—the skate can be reduced by a factor of 0.176. As the model is scalable, this 

information could be of use to the designer of emerging miniature MEMS microcantilever-based 

surface contact probes destined for on-wafer electrical measurements or the test engineer 

concerned with on-wafer probe contacting—where skate and overtravel are important practical 

concerns having repercussions in electrical contact quality. Some predictions of the modelling for 

microcantilever-based probes are provided. 

 

1. Introduction 

Electrical probes are commonplace and employed for all sorts of electrical testing across the world—

they are used for on-wafer measurements from DC to microwave frequencies and even beyond [1–3]. 

When such probes are brought into contact with a metal pad on a chip surface, an extra vertical probe 

displacement is used to create a low resistance ‘metal-to-metal’ electrical contact, requiring a certain 

contact force [4]—this vertical displacement is called the ‘overtravel’ of the probe. For an angled 

probe, the overtravel causes a horizontal movement of the probe tip across the metal pad on the 

underlying chip—this is known as the probe ‘skate’. Despite being necessary for a good metal-to-metal 

electrical contact, excessive probe skate can result in damage to both the probe tip metallization and 
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the contact pad on the chip—it can also result in an increase in parasitic circuit elements in high 

frequency measurements. Probe skate is sometimes used beneficially by the microwave test engineer 

to achieve planarity of the probes [5]. The relationship between overtravel and skate, and the impact 

of skate on measurements using probes, remains somewhat qualitative in both scientific literature and 

commercial documentation—with anecdotal ‘rules of thumb’ common amongst test engineers. Strid 

[6] first pointed out that the overtravel-to-skate ratio of a probe can be modified by tilting the 

substrate with respect to the probe. Stephens et al [7] observed that excessive probe skate can be 

problematic in microwave measurements. Weikel et al [8] noted the problem of large skate in 

micromachined probes—observing a skate of ~10 µm. Daffe et al [9] pointed out the issue of skate and 

contact force in silicon microcantilever-based probes for on-wafer measurements—noting that small 

skate (~1 µm) is achieved using small probes. Wartenburg [2] demonstrated the impact of excessive 

probe skating on electrical parasitic elements in microwave measurements—a 50 µm skate tripling the 

series inductance of a pad. Aguilera and Berenguer [10] give typical skate values between 20-45 µm 

for on-wafer measurements on different pad metals—however, no overtravel is given. More recently, 

Sakamaki et al [11,12] pointed out the importance of probe skate in the accuracy of the calibration of 

on-wafer microwave measurements. An accurate control of pad skate via the precise imposition of 

overtravel is important in the reproducibility of on-wafer RF measurements—much commercial 

documentation makes a note of this and gives typical values for the test engineer. The overtravel-to-

skate ratio is commonly given in the technical documentation of commercial coplanar microwave on-

wafer probes; much of the documentation quotes an overtravel-to-skate ratio of 2.5 for an overtravel 

range of 50-75 µm, e.g. the InfinityXT probe by Cascade Microtech., USA. If we consider the probes to 

be rigid and only deformable at the probe base/holder—as is the case of some macroscopic probes, 

then the relationship between the overtravel and the skate is trivial, depending only on the probe’s tilt 

angle. For a given probe angle—usually relatively shallow: 20° to 40°—this ratio is often given in the 

probe’s specifications. The engineer thus applies enough overtravel to achieve an optimum electrical 

contact whilst hopefully minimizing skate and potential damage to both probe and chip pad. This 

action enables the probe lifetime to be maximized—such probes can be notoriously expensive—and 

enables repeated measurements on the same chip pad.  

In contrast, the overtravel-to-skate relationship is different and somewhat subtler for 

microcantilever-based surface contact probes [13–15]. The reason for this is that a microcantilever-

based probe, e.g. one based on a silicon microcantilever having lithographically-patterned metal 

electrical contacts, is mechanically deformable. The geometric relationship between the overtravel, 

the skate, the contact force, and the tip/surface contact tangency condition is therefore less trivial 

than for a rigid macroscopic probe counterpart. The microcantilever remains straight upon initial 
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surface contacting—however, the imposition of overtravel results now in bending of the 

microcantilever, along with associated skate of the tip on the chip pad. The contact force is thus 

described by the microcantilever bending and stiffness—the latter governed by the microcantilever’s 

dimensions and material’s physical properties. Further bending of the microcantilever eventually leads 

to a tip/surface tangency condition not observed in macroscopic probes—this eventuality may be of 

some use to the engineer as it means that small contact pads at the microcantilever tip are now parallel 

to the chip pad surface—implying a maximum metal-to-metal contact surface. However, as we shall 

see, given the probe’s stiffness, this tangency condition may only be obtained at high contact force 

and relatively large skate in some cases—something which may cause damage to the probe 

metallization and the chip pad metallization. Finally, depending on the bending and the stiffness of the 

microcantilever, a mechanical stress will be generated in the microcantilever—this will have a 

maximum at the surface of the microcantilever at its fixed end. A probe designer requires knowledge 

of this stress so as not to exceed the yield strength of the microcantilever material, thus avoiding 

catastrophic failure. 

In the following I will use simple modelling based on some assumptions to describe the 

interaction between the overtravel, the skate, the contact force, the mechanical stress, and the 

tangency in microcantilever-based probes. It will also be shown that zero-skate can be achieved for a 

cantilever-based probe by correct orientation and control of the overtravel direction. 

 

2. Modelling 

2.1 The meaning of overtravel and skate in rigid and cantilever-based probes. 

Let us first define what we mean by the terms overtravel and skate in the context of both rigid and 

deformable cantilever-based probes. We can do this best with the help of an illustration—see Figure 

1. 
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Figure 1. The meaning of overtravel and skate in (a) a rigid probe and (b) a cantilever-based probe. 

 

Overtravel (denoted here by 𝛿) is the extra vertical displacement of the probe holder once the probe 

tip has made initial contact with the surface (the situation commonly referred to as ‘probe 

touchdown’). The skate (denoted here as ∆) is the horizontal distance travelled by the probe tip for a 

given vertical overtravel displacement. For a rigid probe, the skate is the result of the whole probe 

pivoting to modify the probe angle—see Figure 1(a). Unlike the case of the rigid probe, it is evident 

that the bending of the cantilever must be considered for skate and overtravel in a cantilever-based 

probe—see Figure 1(b). Note that the probe angle 𝜃 remains constant for a cantilever-based probe. 

 

2.2 Skate versus overtravel for a rigid probe 

The geometry of the rigid probe shown in Figure 1(a) is illustrated in Figure 2. 
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Figure 2. The geometry of the overtravel and the skate of a rigid probe. Probe touchdown (blue) and 

a skate produced by an overtravel (red). 

 

Elementary trigonometry tells us the tip skate ∆ is given by the following formula: 

∆ = √𝐿2 − (𝐿 sin 𝜃0 − 𝛿)2 − 𝐿 cos 𝜃0    (1) 

Where 𝐿 is the length of the probe, 𝛿 is the overtravel, and 𝜃0 is the probe angle at touchdown. As the 

overtravel increases, the probe angle reduces, i.e. 𝜃1 < 𝜃0. This enables the tip skate and the 

overtravel-to-skate ratio to be plotted as a function of overtravel for a rigid probe functioning as in Fig. 

1(a)—this is shown in Figure 3. 
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Figure 3. Skate and overtravel in a long rigid probe as a function of touchdown probe angle and probe 

length. The probe length 𝐿 equals (a) 1000 µm and (b) 5000 µm, the touchdown angle 𝜃0 is varied 

between 10-40°. 

 

Strid [6] measured a skate of 1 mil (25.4 µm) for an overtravel of 5 mils (127 µm) for a wafer 

tilted at 11.3°; the length of the probe was not given. However, for long probe, Eq. 1 successfully 

predicts this skate. Commercial macroscopic probes quote an overtravel-to-skate ratio of 2.5—this 

condition is met for a long probe with a touchdown angle of between 20-25°—the yellow line in Fig. 

3(b). Evidently for this type of probe, a lower touchdown angle results in a lower skate for a given 

overtravel. 

 

2.3 Overtravel and skate in cantilever-based probes 

Let us now consider the subtler case of the deformable cantilever-based probe shown in Fig. 1(b) in 

more detail. Figure 4 shows geometrically the effect of an imposed vertical overtravel on the bending 

of the cantilever—which results in horizontal skate of the tip on the surface. 
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Figure 4. The geometry of the bending of the cantilever due to an imposed overtravel. (a) The blue 

outline shows the probe (cantilever and rigid support) at tip/surface contact (zero overtravel). The red 

outline shows the probe bending and skating when an overtravel 𝛿 is imposed. The inset in (a) shows 

the tip/surface cases of contact, skate, and tangency when a practical contact probe pad is considered. 

(b) A zoom showing the geometry at the tip. The blue outline shows tip/surface contact (zero 

overtravel). The red outline shows the cantilever bending and the subsequent skate ∆ of the tip along 

the surface (green). The yellow arrowed arc indicates the movement of the cantilever tip in this frame 

of reference, i.e. with the cantilever tilted to an angle 𝜃. 
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To derive a formula for the horizontal skate Δ along the surface in terms of the imposed vertical 

overtravel 𝛿 we can consider the geometry of the deflecting fixed-free cantilever illustrated in Fig. 4(b). 

Elementary trigonometry allows one to obtain the following formulae for the skate ∆ in terms of the 

overtravel 𝛿 and the probe angle 𝜃: 

∆ =  𝛿 tan 𝜃 −
𝛿𝑥

cos 𝜃
      (2) 

𝛿 = 𝛿𝑦 cos 𝜃 + 𝛿𝑥 sin 𝜃      (3) 

where 𝛿𝑥  and 𝛿𝑦 are the movement of the end of the cantilever as indicated in Fig. 4(b). We therefore 

require a function describing the geometric relationship between the lateral movement of the end of 

the cantilever 𝛿𝑥  and the deflection 𝛿𝑦—as indicated in Fig 4(b). Note that for the moment no force 

(loading) needs to be considered. 

The lateral movement 𝛿𝑥  of the tip of a fixed-free rectangular cantilever beam with a 

concentrated load at the free end under both small and large deflection [16,17] can be approximated 

by the following formula: 

𝛿𝑥 = 𝑓𝐿 (1 − √
sin 𝜑

𝜑
)      (4) 

where 𝑓 is a constant and 𝜑 is the rotation angle of the cantilever (with respect to the cantilever 

support) which is given by: 

𝜑 =
3𝛿𝑦

2𝐿
       (5) 

The author has explored the validity of these relationships experimentally—see experimental 

Section 3 and Supplementary Information. For a long, thin cantilever, i.e., 𝐿 ≫ 𝑤, equations (4) and 

(5) describe a fixed-free cantilever’s lateral deflection accurately for deflections up to 𝐿/3.  For a fixed-

free cantilever bending under a concentrated load located at the free end, the following conditions 

indicate the linear and nonlinear behaviours: 𝜑 sin 𝜑 ≅ 1⁄  (linear) and  𝜑 sin 𝜑 ≫ 1⁄   (nonlinear)—

where 𝜑 is the bending angle of the end of the cantilever. Substituting 𝛿𝑦 = 𝐿/3 into Eq. (5) gives 

𝜑 sin 𝜑 = 1.04⁄ . 

 

2.4 Tip/surface contact tangency condition 

Following on from the above reasoning, the condition for tangency of the tip of the cantilever with 

respect to the surface is obtained when the rotation angle of the cantilever equals the probe angle, 

i.e., 𝜑 = 𝜃; this occurs for a tangency overtravel 𝛿𝑇  given by: 
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𝛿𝑇 =
2𝐿𝜃

3
cos 𝜃 + 𝑓𝐿 sin 𝜃 (1 − √

sin 𝜃

𝜃
)    (6) 

and results in a tangency skate ∆𝑇 equal to: 

∆𝑇= 𝛿𝑇 tan 𝜃 −
𝑓𝐿

cos 𝜃
(1 − √

sin 𝜃

𝜃
)    (7) 

Interestingly, the tangency overtravel-to-skate ratio (𝛿𝑇 ∆𝑇⁄ ) is independent of the cantilever length 

𝐿 and is only a function of the probe angle 𝜃: 

𝛿𝑇

∆𝑇
=

𝛼

𝛼𝛽+𝛾
       (8) 

where 

𝛼 =
2𝜃

3
cos 𝜃 + 𝑓 sin 𝜃 (1 − √

sin 𝜃

𝜃
)    (9) 

𝛽 = tan 𝜃       (10) 

𝛾 =
𝑓

cos 𝜃
(1 − √

sin 𝜃

𝜃
)      (11) 

 

2.5 Tip/surface contact force variation 

As has been stated, a prediction of the tip/surface contact force is important for cantilever-based 

electrical probes as the contact force governs the electrical contact resistivity of the metal-to-metal 

contact.  

Compared to the overtravel versus skate relationship in Section 2.3, the situation is different 

when calculating contact force. The well-known linear expressions describing the force and stress in 

terms of deflection apply if 𝜑 sin 𝜑 ≅ 1⁄ . However, if  𝜑 sin 𝜑 ≫ 1⁄  then we have two options. Either 

one seeks a solution to the nonlinear problem which describe the force in terms of high deflection [16–

24], or one estimates the force and stress using the linear approximation and one applies an error 

factor based on experimental findings. This last approach has been experimentally investigated in the 

Supplementary Information. 

In the case where 𝜑 ≅ sin 𝜑, then the contact force is proportional to the deflection. For a 

fixed-free rectangular cantilever with a concentrated load at the end of the beam, the contact force 𝐹𝑐 

at the cantilever/surface point is given by [25]: 
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𝐹𝑐 =
𝛿𝑦𝐸𝑤𝑡3

4𝐿3        (12) 

In terms of the rotation angle of the cantilever, 𝐹𝑐 can be written as: 

𝐹𝑐 =
𝜑𝐸𝑤𝑡3

6𝐿2        (13) 

With reference to Figure 4(b), the contact force normal to the surface 𝐹𝑐
⊥ is thus given by: 

𝐹𝑐
⊥ =

𝜑 cos 𝜃𝐸𝑤𝑡3

6𝐿2       (14) 

Therefore, the contact force normal to the surface when the tip is in tangency with the surface 𝐹𝑐𝑇
⊥  is 

given by: 

𝐹𝑐𝑇
⊥ =

𝜃 cos 𝜃𝐸𝑤𝑡3

6𝐿2       (15) 

Note that this model assumes that elementary beam theory is valid; although this may not be 

the case at very high overtravel—see Supplementary Information for discussion. Notably, for large 

loads concentrated at the cantilever end, elementary beam theory predicts deflections greater than 

the length of the beam [18]. This means that in practice if a high deflection is imposed on a cantilever 

(as is the case of imposed overtravel of a probe) then the concentrated load force at the cantilever end 

is larger than that which is predicted by elementary beam theory—see Supplementary Information. 

Therefore, if 𝜑 ≫ sin 𝜑 (something which becomes apparent for bending angles larger than 30°) then 

an expression for the force in terms of the cantilever deflection needs to be sought in non-linear 

approaches to high deflection of a cantilever [16–24]. Section 3 and the Supplementary Information 

explores the validation of Eq. 13.  

 

2.6 The importance of friction coefficient on skate 

In a rigid probe, the overtravel imposes the skate. In contrast, in a cantilever-based probe friction may 

prevent skate. In this case, the imposition of overtravel would lead to a buckling of the cantilever rather 

than a skating of the tip on the surface with a quasi-parabolic cantilever being maintained. In an effort 

to estimate the relationship between skate and friction we can make some assumptions to produce a 

simple model. 

Let us consider how the overtravel/skate relationship depends on friction. By making the 

assumptions that the contact force model is valid in a first approximation and that the friction force is 

proportional to the normal contact force in a first approximation one can predict if skate occurs for a 

specific metal-to-metal probe/surface combination. In this case we are considering the friction 
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between a small metal pad located at the tip of the cantilever and a metal surface—as shown in the 

inset to Figure 4(a). 

The friction force 𝐹𝑓 exerted by a surface when an object moves across is given by: 

𝐹𝑓 = 𝜇𝐹𝑛      (16) 

Where 𝜇 is the coefficient of friction between the two materials (static or kinetic) and 𝐹𝑛 is the normal 

force between the materials. From equation 14, the normal force 𝐹𝑛 =  𝐹𝑐
⊥. With reference to Figure 

4(b) the contact force parallel to the surface 𝐹𝑐
∥ is given by: 

𝐹𝑐
∥ =

𝜑 sin 𝜃𝐸𝑤𝑡3

6𝐿2       (17) 

Skate occurs when 𝐹𝑐
∥ ≥ 𝐹𝑓, this occurs when the following inequality is satisfied: 

tan 𝜃 ≥ 𝜇      (18) 

Note that this is the same inequality as for a sliding mass on a slope [26,27], where 𝜇 is the static 

coefficient of friction in this case. Note that Equation 18 implies that in any modelling of skate and 

overtravel, a small static coefficient of friction is necessary between the materials for the modelling to 

be valid at low probe angle. It should be noted that the analysis here is a first approximation—for a 

given materials and surface topographic combination beyond the simple metal-to-metal contact and 

associated friction coefficient considered here, the role of friction in the forced skating of a small probe 

tip over a surface is not trivial [28], such as stick-slip behaviour in atomic force microscopy probes [29]. 

 

2.7 Stress variation at the fixed end of the cantilever 

The stress 𝜎 at the surface of the fixed end of the cantilever is given by [25]: 

𝜎 =
𝜑𝐸𝑡

𝐿
       (19) 

As the overtravel 𝛿 is increased, this stress must not exceed the yield strength of the material—

otherwise mechanical failure will ensue. 

The stress at the surface of the fixed end of the cantilever when the tip of the cantilever is 

tangent to the surface 𝜎𝑇 is given by: 

𝜎𝑇 =
𝜃𝐸𝑡

𝐿
      (20) 



12 
 

These two last equations are useful to the probe designer to indicate the potential mechanical failure 

of the probe or if the tangency condition is possible given the dimensions of the cantilever and the 

mechanical properties. Note that, as with the contact force calculation, this model assumes a linear 

elementary beam theory behaviour, i.e. 𝜑 ≅ sin 𝜑; this may not be the case at very high overtravel—

see Supplementary Information for discussion. 

 

2.8 Achieving zero skate 

There are advantages to having zero (or at least minimal) skate: probe tips can be accurately placed, 

pad damage is reduced, probe damage can be reduced, and pad size can be reduced. As we shall see, 

the skate could—at least in principle—be avoided using a cantilever setup. Figure 5 illustrates how 

zero-skate could be achieved for cantilever-based probes. 

 

 

Figure 5. Schematic diagram how zero-skate could be achieved in a cantilever-based probe. Instead of 

a vertical overtravel, a curved overtravel is used to achieve zero-skate (yellow arcs). For a minimum 

skate using a linear overtravel, orientating the overtravel direction at an angle 𝜓 is required.  

 

To achieve zero-skate, the probe support would need to be moved down not vertically but in 

a way that follows the yellow arc illustrated in Figure 5—this is a 180° rotation of the tip trajectory 
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(also shown at the tip in Fig. 5). This could be achieved practically using a combination of programmed 

stepper motors for example. However, reduced skate of the tip could be achieved by moving the probe 

down linearly at a constant ‘skate compensation angle’ 𝜓 given by: 

𝜓 = tan−1 Δ𝑇

𝛿𝑇
      (21) 

The skate compensation angle and the skate compensation factor are traced as a function of probe 

angle in Figure 6. 

 

 

Figure 6. (a) The skate-to-overtravel ratio at tangency and skate compensation angle as a function of 

probe angle and (b) the sake compensation factor when using a linear angled overtravel at an angle of 

𝜓. 

 

For example, for a typical probe angle of 25° the probe support can be overtravelled down at 

an angle of ~14.8° to the vertical to achieve minimal skate of the tip of the probe on the surface. 

 The skate Δ𝜓 using a skate compensation angle is thus given by: 

Δ𝜓 = Δ − 𝛿 tan 𝜓     (22) 

where Δ is the uncompensated skate and 𝛿 is the vertical overtravel. 

 

3. Experimental validation of the model using a macroscopic cantilever 

Although evidently feasible, the characterization of the skate of a microcantilever appears to be 

challenging [9]. As the model developed here is—at least in principle—valid at different length scales, 
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it is simpler first to characterize the skate of a macroscopic cantilever and compare these results with 

the predictions of the model. 

 

3.1 Validation of Equation 4 using a macroscopic cantilever. 

First let us determine the constant 𝑓 in Equation 4 with the use of a macroscopic cantilever. To do this, 

a 50 cm long steel ruler (Dextor, France) was employed. The ruler was 2.9 cm wide and 684±1.9 µm 

thick, i.e. 𝐿 ≫ 𝑤 ≫ 𝑡. Three cantilever lengths were employed for the experiments: 35 cm, 40 cm, and 

45 cm corresponding to a cantilever weight of 51.3 g, 58.6 g, and 65.9 g. In a vertical configuration, the 

maximum bending for a uniform load (gravity) [25] would be 1.8 cm, 3.3 cm, and 5.4 cm—implying 

that a horizontal setup is advantageous to avoid bending and bowing; these values compare well with 

the experimentally obtained values—see Supplementary Information. The ruler was thus clamped and 

mounted horizontally, rather than vertically, to avoid bending and bowing due to gravity. The 

experimental setup can be found in the Supplementary Information. 

 

 

Figure 7. (a) Experimental plots of the cantilever tip deflection in the x-direction 𝛿𝑥  as a function of 

cantilever deflection 𝛿𝑦 (closed symbols). Three cantilever lengths are used: 𝐿 = 35 cm, 40 cm, and 45 

cm. The inset shows the vertical deflection 𝛿𝑦 and the horizontal deflection 𝛿𝑥  of the tip of the 

cantilever. The solid lines are obtained by using Equation 4. (b) The ratio 𝜑 sin 𝜑⁄  plotted as a function 

of the experimental cantilever deflection 𝛿𝑦. 

 

Figure 7(a) shows plots of the vertical displacement of the end of the cantilever versus the 

horizontal displacement of the cantilever for three cantilever lengths: 35 cm, 40 cm, and 45 cm. By 

tracing Equation 4 in each case, the factor 𝑓 was determined to be 3.3 over the overtravel range to be 
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employed in the skate versus overtravel characterization. The model fits the experimental data very 

well for all three lengths of cantilever. A discrepancy is observed for higher deflections than used 

here—possibly due to maximum mechanical stress, this will be discussed later. This value of 𝑓 can be 

contrasted with values which can be theoretically computed using numerical methods when 

considering a cantilever deflecting in a perfectly parabolic way. In this case, the theory predicts the 

value of 𝑓 in Equation 4 to be equal to 3.577 and 3.675 in the small and large deflection regimes 

respectively (see Supplementary Information). Figure 7(b) shows the ratio of the cantilever tip angle 𝜑 

to its sine value plotted against the cantilever deflection in the 𝑦 direction 𝛿𝑦. This factor indicates the 

validity of using the linear approach in the modelling when considering contact force and stress. 

 

3.2 Validation of the model for the overtravel/skate relationship using a macroscopic cantilever. 

To characterize the skate versus overtravel relationship, the macroscopic cantilever configuration was 

used as shown in the setup illustrated in Figure 8. 

 

 

Figure 8. The experimental setup used for the characterization of overtravel and skate for a 

macroscopic cantilever. A 50 cm long steel ruler is used as the macroscopic cantilever enabling 

cantilever lengths of 35 cm, 40 cm, and 45 cm orientated at a cantilever angle 𝜃. The overtravel is 

applied by sliding a set square up a second steel rule—the skate is read off the set square. The 

overtravel direction is indicated by the black arrows. 

 

Again, a horizontal mounting was employed to avoid bending and bowing of the cantilever due 

to gravity—as explained above. A second 30 cm long steel ruler and a metal set square were used to 

simulate the surface and the overtravel. The overtravel was imposed by moving the set square up the 
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smaller steel ruler and the skate could be read off the set square with an acceptable accuracy of ±0.1 

mm using photography—see Supplementary Information. 

Figure 9 shows plots of the skate versus the overtravel and the overtravel-to-skate ratio for 

three cantilevers having a length of 35 cm, 40 cm, and 45 cm for a surface/cantilever angle 𝜃 of 10°, 

20°, 30°, and 40° (as indicated in Figure 9). The experimental data is shown as open symbols, the solid 

lines are based on the modelling using the experimentally-determined constant 𝑓 equal to 3.3. 
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Figure 9. Skate ∆ and overtravel-to-skate ratio 𝛿 ∆⁄  as a function of overtravel 𝛿 for cantilevers having 

a length 𝐿 equal to: (a) 35 cm, (b) 40 cm, and (c) 45 cm at different cantilever angles 𝜃. The open 

symbols are experimentally-obtained values—the solid lines are based on the model developed here. 

The error on the experimental data points is ±0.1 mm (not shown).  

 

Most of the experimental data agrees quite well with the modelling. There are some 

discrepancies at small angles and some at high overtravel for the longest cantilever. Theses could be 

explained by measurement error (see Supplementary Information) and friction (see Section 2.6) or 

non-linear effects at high deflection—see Supplementary Information for extra results and discussions. 

The Young’s modulus of stainless steel (type 304) is approximately 190 GPa, meaning the cantilever 

stiffnesses are 10.3 Nm-1, 6.9 Nm-1, and 4.8 Nm-1 for a cantilever length of 35 cm, 40 cm, and 45 cm 

respectively. Note that in the experimental setup, the set square (thickness 1 mm) is in contact with 

the edge of the end of the steel ruler rather than in the centre of the end of the steel ruler. Such a 

setup could result in observable twisting of the ruler and an error in the displacement of the tip. 

However, even in very large deflection >20 cm, the twist was measured and calculated to be <1 mm—

this is confirmed by a calculation (see Supplementary Information). The maximum stress at the surface 

of the fixed end of the cantilever can be calculated for the tangency conditions (see Section 2.7). The 

tensile yield strength of type 304 steel is ~215 MPa; this is exceeded for two test situations, for a 

cantilever length of 35 cm (259 MPa) and 40 cm (227 MPa) at an angle of 40°. These measurements 

were thus performed at the end of the characterization. 

Figure 10 shows the experimentally-obtained tangency overtravel-to-skate ratio for each 

length and cantilever angle plotted as a function of angle. 
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Figure 10. Experimental values of the tangency overtravel-to-skate ratio versus the cantilever angle. 

The open symbols are the experimentally-obtained values at different cantilever lengths—the green 

line is the model based on Equation 8. The cantilever lengths 𝐿 are 35 cm (open red circles), 40 cm 

(open blue circles), and 45 cm (open green circles). 

 

The model for the tangency overtravel-to-skate ratio given by Equation 8 is also plotted in Fig. 

10 as the green curve. The experimentally-obtained values of the tangency overtravel-to-skate ratio 

agree quite well with the predictions of the modelling—this is especially true for cantilevers angles 

>10°. In addition, the values of 𝛿𝑇 ∆𝑇⁄  are very constant when the cantilever length 𝐿 is varied—as is 

also predicted by the modelling—see Section 2.4. 

 

3.3 Experimental validation of minimal skate using a ‘skate compensation angle’ for the overtravel 

The macroscopic cantilever can again be used to validate the possibility of reducing skate by the 

introduction a skate compensation angle 𝜓 to the overtravel direction. This was achieved using the 

same experimental setup as described above in Figure 8, but this time by introducing some angled 

mechanical parts into the configuration as shown below in Figure 11. 
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Figure 11. The experimental setup used to validate the possibility of minimal skate by introducing a 

‘skate compensation angle’ 𝜓 into the overtravel direction. This was achieved by specially cut-out 

mechanical angle parts indicated by the red arrow in (a). The overtravel direction is indicated by the 

yellow arrows. The experiments were performed at a skate compensation angle equal to (a) 11.8° and 

(b) 17.8°. The cantilever (steel ruler) is indicated by the blue arrow in (b). 

 

The experiment was conducted using two 1.5 mm-thick in-house fabricated plastic 

(polystyrene) skate compensation parts (𝜓 ≅ 12° and 𝜓 ≅ 18°) indicated in the figure—see 

Supplementary Information. Note that the real vertical overtravel of the cantilever 𝛿 is calculated by 

multiplying the cosine of the skate compensated angle 𝜓 by the inclined overtravel, i.e., 𝛿 = 𝛿𝜓 cos 𝜓. 

The direction of the inclined overtravel is indicated in Figure 11 by the yellow arrows. 
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Figure 12. Experimental (symbols) and modelled (curves) skate Δ verses overtravel 𝛿 for a cantilever 

length 𝐿 of (a) 40 cm and (b) 45 cm. For the modelling, the skate compensation angle 𝜓 is 11.8° and 

17.8° for cantilever angles 𝜃 of 20° and 30°. The modelled curves are based on Eq. 19. 

 

Figure 12 shows the experimentally-obtained skate (open symbols) verses overtravel for two 

different cantilever lengths: (a) 40 cm and (b) 45 cm at two different cantilever angles 𝜃. When the 

skate compensation angle part is included in the experiments, the skate is observed to increase to a 

maximum and decrease to zero near tip tangency. In this case, the maximum skate is somewhat less 

than the skate observed for a vertical overtravel. Experimentally, by imposing the skate compensation 

angle on the overtravel direction the skate can be reduced by a factor of on average 0.176—this is 

reasonably close to the theoretical value shown in Fig. 6(b). The curves in Fig. 12 are based on the 

model given in Eq. 19. Note that the maximum skate, when using the skate compensation, is sensitive 

to the skate compensation angle and therefore the accuracy of the plastic skate compensator—

discrepancies between the experimental data points and the modelling in Fig. 12 can be explained by 

this (see Supplementary Information of and estimation of the experimental error). 

 

4. Some predictions of the model for microcantilevers-based probes 

4.1 Overtravel versus skate in microcantilever-based probes 

We are now able to make some predictions regarding probe overtravel, tip skate, contact force, and 

stress by using practical microcantilever dimensions and materials. Crystalline silicon is a very common 

material used for chip-edge, fixed-free microcantilever fabrication [30]. Microcantilevers are often 

made using (100) silicon wafers and orientated perpendicularly to the <110> wafer flat—the Young’s 

modulus of silicon in this case is equal to 169 GPa [31]. In terms of mechanical stress, the yield strength 

of single crystal silicon is of the order of 7 GPa [32]. In terms of dimensions, let us take the cantilever 

length 𝐿 to be 400 µm in order to make some predictions as the probe angle varies. The probe angle 𝜃 

is an interesting practical parameter to study, plots are made from 𝜃 = 5° to 35°. Figure 14 shows 

modelled plots of the skate versus the overtravel and the overtravel-to-skate ratio of a silicon 

microcantilever as a function of probe angle 𝜃. 
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Figure 13. Microcantilever probe Skate ∆ and Overtravel-to-skate ratio (𝛿 ∆⁄ ) plotted as a function of 

the overtravel 𝛿 for a probe angle 𝜃 of (a) 5°, (b) 15°, (c) 25°, and (d) 35°. The length of the silicon 

microcantilever has a length of 400 µm. 

 

 Figure 13 shows that the skate (for a given overtravel) can be reduced greatly if a small probe 

angle is employed, e.g. if 𝜃 = 5°, the skate is submicron for an overtravel <15 µm—see Figure 13(a); 

although this of course could be at the expense of contact force. In the case of a more common probe 

angle i.e. 𝜃 = 25°, one finds an overtravel-to-skate ratio comparable with those in commercial 

literature—see Figure 13(c). At higher angles, the skate becomes large for a given overtravel—see 

Figure 14(d). 

 

4.2 Tip/surface tangency 

An interesting situation to consider in microcantilever-based probes is that of tip tangency. This does 

not occur in rigid probes, except in the case when the probe angle equals zero—see Fig. 1(a). In 

contrast, for a microcantilever-based probe there will be a certain overtravel whereby the bending of 

the microcantilever will cause the tip of the microcantilever to be tangent to the wafer surface—this 

occurs when the bending angle of the microcantilever 𝜑 equals the probe angle 𝜃—see Section 2. Let 

us now see when that happens for microcantilevers having a length of 200 µm, 400 µm, and 800 µm. 
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Figure 15 shows plots of the skate at tip tangency ∆𝑇 and the overtravel required to achieve tip 

tangency 𝛿𝑇  as a function of probe angle 𝜃. 

 

 

Figure 14. Skate and overtravel at tip tangency in a microcantilever-based probe. The tangency skate 

∆𝑇 and the overtravel required for tangency 𝛿𝑇  for a microcantilever length of (a) 200 µm, (b) 400 µm, 

and (c) 800 µm as a function of probe angle. (d) The overtravel-to-skate ratio at tip tangency as a 

function of probe angle.  

 

 Figure 14 demonstrates clearly that the overall shape of the tangency overtravel and the skate 

overtravel as a function of probe angle is independent of the probe length—see Figs. 14(a)-(c). This is 

best seen in Fig. 14(d) which plots the tangency overtravel-to-skate ratio as a function of the probe 

angle—this is independent of probe length. The inset to Fig. 14(d) shows the tangency condition when 

sufficient bending due to the overtravel causes the tip of the microcantilever is parallel to the wafer 

surface. 

 

4.3 Contact force and maximum stress 

The contact force and maximum stress are mathematically less interesting than the geometrical 

aspects of the overtravel/skate relationship. However, as they provide important information 
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concerning the potential practical performance of the probe (the electrical resistance of a metal-to-

metal contacts depends greatly on the contact force [4]) and its mechanical failure, I will plot these 

with the same probes angles used to plot Fig. 14—this is shown in Figure 15.  

 

 

Figure 15. The contact force at the microcantilever tip and the maximum stress at the base of the 

microcantilever as a function of overtravel for probe angles of (a) 5°, (b) 15°, (c) 25°, and (d) 35°. The 

length 𝐿, the width 𝑤 and the thickness 𝑡 of the microcantilever are 400 µm, 50 µm and 5 µm in each 

case. The stiffness of the cantilever is ~4.1 Nm-1. 

 

In order to verify the predictions concerning microcantilevers, experimentation would need to 

be required. One could imagine observational experimentation where the overtravel and skate of a 

microcantilever are observed during scanning electron microscopy. Another approach would be to 

impose a known overtravel and observe he traces (damage) left on a substrate—as we have previously 

demonstrated [9]. 

Finally, a note of caution concerning the calculation of the contact force and the stress at high 

overtravel. As has been stated, the models given in Section 2 are linear and may not be valid at high 

tip deflection (large overtravel) [16–24]. Supplementary experiments on the macroscopic cantilevers 

given in the Supplementary Information indicate that the validity of the modelling of microcantilever 

here is reasonable up to a tip deflection of ~130 µm. For values of overtravel beyond this, an estimation 
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of the error in the contact force can be found in the Supplementary Information. For example, for a tip 

deflection of 160 µm—see Figure 16(d)—the contact force is 1.1 times that computed using the linear 

model—see the Supplementary Information. Supplementary Figure 11 (see Supplementary 

Information) can be used to assess the validity of the linear approach. 

 

4.4 Relevance for near-field microscopy probes. 

The ideas presented here apply primarily to macroscopic and microscopic electrical probes. In practice, 

it is well known that such probes require a certain contact force to achieve a minimal contact resistance 

between the tip and the surface. The imposition of a non-negligible overtravel is required to achieve 

this tip/surface force—this overtravel results in a certain probe skate due to the deformation of the 

probe. However, it is interesting to discuss the relevance of the ideas here in the context of microscopic 

near field probes. First, in terms of near-field probes (for example those used in AFM force 

spectroscopy), the cantilever deflections are typically small <<100 nm. Using typical values for an AFM 

probe (𝑡 = 2 um, 𝑤 = 50 µm, 𝐿 = 450 µm, stiffness = 0.18 N m-1, probe angle 𝜃 = 25°) the model computes 

an overtravel-to-skate ratio of approximately 2 at low deflections. This implies that a cantilever 

deflection of 10 nm would result—at least in principle—in a tip skate of ~5 nm. Second, near field 

probes often contain a very sharp point at the tip of the cantilever. In this case, and for small 

deflections and tip skating, more elaborate modelling of the tip/surface interactions would need to be 

considered to have a better understanding of the overtravel/skate relationship. Another issue 

concerning microcantilevers is that the stiffness changes due to a metal coating [33] and can be 

variable according to fabrication process [34]. Near-field microcantilevers can also have other 

geometric forms [35,36] beyond the rectangular case considered here [37]. However, the approach 

could—at least in principle—be extended to other cantilever forms common in near-field microscopy. 

For a given probe overtravel, the cantilever stiffness governs the tip/surface force and the stress.  In 

the case of practical near-field probes, the stiffness can be obtained using experimentation. A practical 

calibration of the stiffness of a microcantilever can be performed using various approaches which is 

independent of the geometric form. Such approaches include: cantilever thermal noise methods [38], 

reference cantilever methods [39], and dynamic methods [37]. Finally, force calibration methods of 

AFM tips [40] for contact mode, low deflection AFM studies involves relatively small tip skate—

however it is possible that the skate compensation is applicable in the case of large deflection 

scenarios. 

 

5. Conclusions 
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By using simple modelling, the relationship between the skate and overtravel of a deformable 

cantilever-based probe can be described and predicted. Interestingly, the modelling predicts that the 

ratio between the tangency overtravel and the tangency skate is independent of the microcantilever 

length—depending only on the probe angle. It is predicted that friction should play a role in probe 

skating during on-wafer measurements—a simple model is proposed. A macroscopic cantilever can be 

successfully used to provide experimental data regarding overtravel and skate. The macroscopic 

cantilever can also be used experimentally to give an idea of the validity range of the modelling when 

applied to microcantilevers. It was found that for large imposed overtravel (high cantilever deflection) 

the tip/surface force is larger than that predicted by theory. The experimental data agrees reasonably 

well with all the predictions of the modelling. The idea of zero-skate using a microcantilever-based 

probe has been proposed—its experimental proof-of-concept has been experimentally demonstrated 

using macroscopic cantilever. The modelling and experimental data could be of used to the designer 

of cantilever-based electrical probes or the test engineer concerned with on-wafer probe contacting 

where skate and overtravel are important for electrical contacting quality. Some of the ideas may also 

have relevance in microcantilevers used for contact mode near-field microscopy.  An experimental 

study to reveal the role of friction in the relationship between overtravel and skate in microcantilever-

based probes would be interesting.  
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