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Dynamic errors of the stylus-based probing system seriously affect the measurement accuracy in surface quality detection on
microstructures. A method, which is focused on measuring the surface form of microgears, microholes on the injector nozzle, and
so forth, is proposed to control dynamic errors of the stylus-based probing system. Firstly, two kinematical models were built to
systematically investigate the dynamic performance of the stylus-based probing system, and the relationship between the measuring
force, scanning speed, fidelity, and dynamic errors was described. Then, numerical simulations of the surface form measurement,
in which a sine-shaped microstructure was taken as a target surface, were carried out. Results of the numerical simulations reveal
that the dynamic errors were affected by the scanning speed and the initial position of the measured specimen. Lastly, a method
to control dynamic errors by properly setting up the scanning speed and the initial position of the specimen was proposed for the
surface form measurement of microstructures.

1. Introduction
Microstructures, such as microgears and microholes, are
widely used in precision industries [1–3]. The working
performance of microstructure-based systems and devices
is primarily determined by the geometric accuracy of the
employed microstructures [4]. It is, therefore, important
to carry out high-accuracy surface form measurement of
microstructures so that the form accuracy of microstructures
can be improved and guaranteed in the manufacturing
process. However, due to the fact that many of the microstructures have the characteristics of high-aspect-rations and steep
surface slopes, it is difficult to carry out high-accuracy surface
form measurement on microstructures [5–7].
The stylus-based probing system is an important technique for measuring the surface form of microstructures
because of the advantages of convenient utilization, insensitivity to surface contaminants, and high measurement accuracy [8–10]. In the authors’ previous study, two types of stylusbased profiling systems, one of which has an elastic element
and the other one without it, were used to measure the surface

form of gear-shaped microstructures [2, 11]. Measurement
results show that it had an obvious form distortion on the
top of the measured microstructures and the measurement
repeatability got worse on the side flanks. The stylus-based
probing system employs a stylus to trace the surface of the
target surface, and the spatial position of the stylus tip is
recorded and employed to reconstruct the surface form of
the target surface. However, the trace of the stylus tip cannot
always follow the surface variation of the measurement target,
because the motion of the stylus tip is affected by the kinetics
of the stylus-based probing system. For instance, the stylus
tip separates from the measured surface during scanning
process, which is referred to as stylus flight phenomenon.
Over the years, work has been conducted to resolve the
issue of stylus flight. Damir proposed a method to choose
the suitable spring stiffness of a stylus-based profiling system
[12]. Liu et al. developed an active damping control method
to modify a stylus instrument and confirmed that the stylus
instrument could get better working performance while the
damping factor was in the region between 0.5 and 0.7 [8],
which meets the research results of Whitehouse [13, 14].
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McCool pointed out that the reconstructed profile deduced
from the stylus profile traces was distorted by the nonlinear
filtering effect of the finite stylus tip and by the failure at
high enough tracing speeds of the stylus to maintain contact
with the profile being traced [15]. Pawlus et al. discussed the
influence of the stylus flight on change of surface topography
parameters [10, 16]. Liu and Tian et al. built dynamic models,
which took the Hertzian contact and nonlinear damping
forces into consideration, to analyse the stylus flight phenomenon [9, 17, 18]. The above approaches focused on the
modification of hardware of the stylus instrument, such as
modifications of the damping factor, spring stiffness, and
the mass of a stylus. The modification of hardware would
cause high costs in economy and technology. Therefore, a
simple and cost-effective method to depress the stylus flight
is desired in precision engineering.
This paper presents a method to control dynamic errors
of the stylus-based probing system for the surface form
measurement of microstructures. Firstly, two kinematical
models were built to systematically investigate the dynamic
performance of the stylus-based probing system, and relevant
theoretical work was given in detail. Then, numerical simulations of the surface form measurement were carried out while
taking a sine-shaped microstructure as a target surface. Lastly,
a method was proposed to control the dynamic errors on the
surface form measurement of microstructures.

2. Kinematical Model of the Stylus-Based
Probing System
The stylus-based probing system employs a stylus to traverse the target surface. The vertical position of the stylus
changes following the variation of the target surface, and
it is measured by a displacement sensor. The output of the
displacement sensor, the position variation of the stylus in
vertical direction, is employed to reconstruct the surface
form for the measurement specimen. However, the vertical
position of the stylus cannot always exactly follow the variation of the measured surface in the region with steep slopes
and huge slope variations, which results in form distortion
and is known as the stylus flight phenomenon as shown in
Figure 1(a).
Typical stylus-based probing systems have the types of
lever mechanism, flexure hinge mechanism, and the airbaring mechanism according to how the stylus is supported
[2, 9] and can be generally modelled by a second-order
kinematical system as shown in Figure 1(b). In this kinematical system, the vertical position of the stylus is denoted
by 𝑦, which is subjected to the measured surface form 𝑦𝑠
and crucial parameters of the stylus-based probing system.
Neglecting the friction force between the stylus tip and the
measured surface for clarity, the equation of the stylus motion
can be expressed as follows:
−𝑚𝑔 − 𝑚𝑦̈ − 𝑘𝑦 − 𝑐𝑦̇ + 𝐹 = 0,

(1)

where 𝑚 is the equivalent mass of the stylus-based probing
system, 𝑔 is the gravitational acceleration, 𝑘 is the spring
stiffness, 𝑐 is the damping coefficient, 𝑦̇ and 𝑦̈ are the velocity

and acceleration of the stylus motion along the 𝑌-direction,
and 𝐹 is the measuring force, namely, the interaction force
between the stylus tip and the measured surface. The surface
scanning is carried out along the 𝑋-direction with a speed V.
The 𝑌-direction is aligned to the direction of the gravity, and
the origin 𝑂 of 𝑌 coordinate is the position of the stylus tip
while the spring is not stretched. The position 𝐴 is assumed
to be the position where the spring is stretched by its gravity
and the zero point of the probe sensing. The distance of the
average height of the measured surface to the zero point of the
probe sensing, position 𝐴, is defined to be the initial position
of the measured surface.
In the surface scanning process, the stylus tip always
contacts with the measured surface while the stylus flight
phenomenon does not occur. Under this condition, the
measuring force should be greater than zero. Therefore, the
measuring force 𝐹 is an important parameter to represent the
dynamic behavior of the stylus-based probing system. Then,
(1) is rearranged as
𝐹 = 𝑚𝑦̈ + 𝑐𝑦̇ + 𝑘𝑦 + 𝑚𝑔.

(2)

In the case that the stylus flight phenomenon does not
occur, which means that the stylus tip is contacting with
the measured surface, the stylus motion follows the variation
of the measured surface. Therefore, the velocity and the
acceleration of the stylus motion are equal to those of the
variation of the measured surface, which are expressed by the
following equation:
𝑦̇ = 𝑦̇ 𝑠
𝑦̈ = 𝑦̈ 𝑠 ,

(3)

where 𝑦𝑠 is the measured surface. Assuming the measured
surface is of a form of 𝑦𝑠 = 𝑓(𝑥), (3) becomes
̇  (𝑥)
𝑦̇ = 𝑥𝑓
𝑦̈ = (𝑥)̇ 2 𝑓 (𝑥) ,

(4)

where 𝑥̇ is equal to the scanning speed V, 𝑓 (𝑥) is the slope
𝜌 of the measured surface, and 𝑓 (𝑥) is the variation of the
surface slope and is denoted by 𝜌.̇ Therefore, the measuring
force expressed by (2) is rewritten as
𝐹 = 𝑚V2 𝜌̇ + 𝑐V𝜌 + 𝑘𝑓 (𝑥) + 𝑚𝑔.

(5)

While the stylus tip contacts with the measured surface,
𝐹 should be greater than zero, which is expressed as
𝐹 = V2 𝜌̇ + 2𝜉𝜔V𝜌 + 𝜔𝑓 (𝑥) + 𝑔 > 0,

(6)

where 𝜉 = 𝑐/2√𝑘𝑚 is the damping ration and 𝜔 = √𝑘/𝑚 is
the resonant frequency of the stylus-based probing system.
In order to guarantee that the measuring force is greater
than zero, the general solutions are to improve the resonant
frequency 𝜔, adjust the damping ration 𝜉, and reduce the
scanning speed V.
The methods to improve the resonant frequency 𝜔 are the
increase of spring stiffness 𝑘 and the reduction of equivalent
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Figure 1: (a) Schematic of the stylus flight. (b) Kinematical model of the stylus-based probing system.

mass 𝑚. The increase of the spring stiffness 𝑘 would increase
the measuring force 𝐹, which possibly results in the damage
of the measured surface. On the other hand, the equivalent
mass 𝑚 also cannot be reduced without limitation, because
the geometric parameters of the stylus should meet the
requirement of functional requirements. As shown in (6),
the effect on the measuring force 𝐹 is relevant to the surface
slope 𝜌. If the surface slope 𝜌 is positive, it is better that the
damping ration 𝜉 be greater; otherwise, it should be smaller. It
should be mentioned that the slope 𝜌 of the measured surface
has the potential to be distributed from negative to positive.
Therefore, it is hard to realize an appropriate adjustment of
the damping ration 𝜉, or the appropriate adjustment would
result in the increase of costs in economy and technology. The
effect of the scanning speed V to the measuring force 𝐹 is the
function of the surface slope 𝜌 and its variation 𝜌.̇ Generally, it
is believed that a better measurement result can be obtained at
a slower scanning speed. However, the slower scanning speed
would lead to the reduction of work efficiency.
In this case the stylus flight phenomenon occurs, which
means the stylus tip is out of contact with the measured
surface. In this condition, the measuring force is reduced to
zero and the stylus motion is free oscillation. Figure 2 illuminates the kinematical model of the stylus flight. Assuming
that the stylus separates from the measured surface on the
point 𝑃0 (𝑥 𝑃0 ,𝑦 𝑃0 ) with a vertical speed V 𝑃0 , the time on this
moment is set to zero for clarity. The vertical position 𝑦 𝑃𝑡 of
the stylus is a time-varying quantity and it is the solution of
(7), which is derived from (2). Consider
𝑦̈ +

𝑘
𝑐
𝑦̇ + 𝑦 = −𝑔.
𝑚
𝑚

(7)

Equation (7) is linear and of second order with a constant
coefficient. The general solution is
𝑦 = 𝑒𝛼𝑡 [𝐶1 cos 𝛽𝑡 + 𝐶2 sin 𝛽𝑡] ,

(8)

where 𝛼 = −𝑐/2𝑚 and 𝛽 = √4𝑘𝑚 − 𝑐2 /2𝑚. To (8), the
characteristic equation is expressed as
𝑟2 +

𝑐2
𝑘
𝑟+
= 0.
𝑚2
𝑚

(9)

Due to 𝑐 < 2√𝑘𝑚, the solution to this characteristic equation
is
√4𝑘𝑚 − 𝑐2
𝑐
(10)
𝑟1,2 = −
±𝑖∗
.
2𝑚
2𝑚
To (8), the general solution can be expressed as follows:
𝑦1 = 𝑒−(𝑐/2𝑚)𝑡 [𝐶1 cos

√4𝑘𝑚 − 𝑐2
2𝑚

𝑡

√4𝑘𝑚 − 𝑐2
𝑡] .
+ 𝐶2 sin
2𝑚

(11)

To (8), the particular solution is
𝑚𝑔
.
(12)
𝑘
The solution to (8) can be derived from (11) and (12) and
expressed as follows:
𝑦2 = −

𝑦 = 𝑒−(𝑐/2𝑚)𝑡 [𝐶1 cos
+ 𝐶2 sin

√4𝑘𝑚 − 𝑐2
𝑡
2𝑚

√4𝑘𝑚 − 𝑐2
2𝑚

𝑚𝑔
𝑡] −
.
𝑘

(13)

The initial condition of (13) is that 𝑦 = 𝑦 𝑃0 and 𝑑𝑦/𝑑𝑡 =
V 𝑃0 while 𝑡 = 0. Substituting this initial condition into (13),
the parameters 𝐶1 and 𝐶2 can be found. Consider
𝑚𝑔
𝐶1 =
+ 𝑦 𝑃0
𝑘
(14)
2𝑚V 𝑃0 + 𝑚𝑔𝑐/𝑘 + 𝑐𝑦 𝑃0
𝐶2 =
.
√4𝑘𝑚 − 𝑐2
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Then, (13) can be rewritten as
𝑦 = 𝑒−(𝑐/2𝑚)𝑡 [(
+(
−

√4𝑘𝑚 − 𝑐2
𝑚𝑔
+ 𝑦 𝑃0 ) × cos
𝑡
𝑘
2𝑚

2𝑚V 𝑃0 + 𝑚𝑔𝑐/𝑘 + 𝑐𝑦 𝑃0
√4𝑘𝑚 − 𝑐2

) sin

√4𝑘𝑚 − 𝑐2
2𝑚

𝑡]

(15)

𝑚𝑔
.
𝑘

Equation (15) gives out the motion of the stylus while the
stylus flight occurs.

3. Numerical Simulation and Analysis of
Dynamic Performance
3.1. Effect of Measurement Setup on Dynamic Performance.
The parameters of the stylus-based probing system and the
measurement setup affect the dynamic performance (e.g.,
fidelity, measuring force, and dynamic errors), which were
analysed by numerical simulations based on the kinematical
model expressed by (1). In the numerical simulations, the
parameters of a practical stylus-based probing system were
employed and given as 𝑚 = 3.5 g, 𝑘 = 2.7 N/m, and 𝑐 =
0.00144 Nsm−1 [19]. A sine-shaped microstructure expressed
by (16) with amplitude of 200 𝜇m and period of 100 𝜇m
was used as the measurement specimen. The interval of the
measured surface discretization was set to 0.1 𝜇m, and the
scanning interval was set to 1 𝜇m. Consider
𝑦𝑠 = 200 × cos (

𝑥×𝜋
) − 𝑏,
50

(16)

in which the unit is micrometer and the parameter 𝑏 is used
to simulate the initial setup of the specimen’s position. The
stylus tip is stretched 12.7 mm below the 𝑥-axis by its gravity,
where it was assumed to be the zero point of the displacement
sensing of the stylus-based probing system. If the parameter
𝑏 is 12 × 103 , the distance of the measured form to the zero
point of the displacement sensing is 0.7 mm.
Firstly, the fidelity of form measurement, which means
how much of the measured surface could be exactly measured
without the stylus flight phenomenon, was investigated by
the numerical simulation. The scanning speed 𝑐 was set to
1 mm/s and the initial position of the measured surface was
set to 0.7 mm. The kinematical model expressed by (6) about
the measuring force was utilized to detect whether the stylus
flight phenomenon occurred or not. Figure 3 shows the
simulation results. The curve of the measuring force, which
is plotted by the raw output of (6), presents a sine shape
and has a phase difference of 𝜋 to the measured surface
form. The values of the measuring force distribute from
−0.32 mN to 4.12 mN. In practice, the measuring force cannot
be smaller than zero. The region marked by red blocks, where
the measuring force is negative, indicates that the stylus flight
occurred in the region near the peak of the measured form.
In this case, 82.79% of the measured surface can be exactly
measured.
The influence of the surface geometrical characteristic
to the stylus flight was analysed in Figure 4. In this figure,
the surface slope and the rate of slope variation were drawn
according to their 𝑋 coordinates, and the region of the stylus
flight was covered by red blocks. It can be found that the
rate of slope variation has a strong impact on the stylus flight
compared to the surface slope, which means that the stylus tip
usually lost contact in the region with a huge slope variation.
The effect of the scanning speed on the measuring force
and the fidelity was investigated by changing the speed from
0.01 mm/s to 4 mm/s, of which the result was shown in
Figure 5. In this figure, the black curve is plotted by the
maximum value of the measuring force at each scanning
speed, and the red one is plotted by the fidelity at each
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scanning speed. The results show that while the scanning
speed exceeded 0.94 mm/s, the fidelity would be rapidly
falling and the measuring force would be rising up very fast.
The initial position of the measured specimen is another
crucial factor to affect the dynamic performance. Therefore,
the distance of the measured specimen to the zero point of
displacement sensing was set from 0.2 mm to 0.7 mm and was
used as a variable in the numerical simulation. The relation
of the specimen’s initial position with the measuring force
and the fidelity is shown in Figure 6. As shown in the figure,
while the initial position is increasing, both the measuring
force and the fidelity are increasing. However, it should be
known that the measuring force is generally expected to be in
the region of few micronewtons.
3.2. Effect of Measurement Setup on Dynamic Error. Higher
scanning speed and lower measuring force are desired in
practical measurement tasks. However, both the increase
of scanning speed and the reduction of the measuring
force could potentially result in stylus flight, which would

introduce dynamic errors into measurement results. The
above numerical simulation method was also used to analyse
the effect of measurement setup on dynamic errors. There
is only one difference, which is that the motion trace of
stylus tip was computed by (15), and the initial condition
was obtained from (5). The motion trace of the stylus tip in
whole scanning process was the measurement results, which
was used to reconstruct the surface form for the measured
profile. The difference of the reconstructed profile and the
measured profile was seen as the dynamic errors introduced
by the stylus flight.
Figure 5 indicates that while the scanning speed exceeded
0.94 mm/s, the stylus flight would occur. Therefore, the
scanning speed was set from 0.94 mm/s to 1.00 mm/s with an
interval of 0.01 mm/s, and the initial position of the measured
specimen was set to 0.7 mm. The results of the numerical
simulation are shown in Figure 7. The reconstructed profiles
at each scanning speed and the measured profile are covered
with each other due to their small differences. The dynamic
errors increase from smaller than 1 𝜇m to about 15 𝜇m. The
increase ratio is approximately 3 𝜇m per 0.01 mm/s. The
region marked by a red block in this figure indicates that the
position with the maximum dynamic errors is not exactly on
the peaks of the measured microstructures. In this case, the
position with the maximum dynamic errors slightly passed
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over the peaks. The other feature that should be mentioned
is that the dynamic errors present periodic features expect in
the first period of the measured surface. This is because the
initial condition of the stylus flight is different; namely, the
separation position and the vertical speed of stylus tip differ.
The effect of the scanning speed on the dynamic errors
was studied on a larger scale, 1.00 mm/s to 2.00 mm/s, and
the results are shown in Figure 8. The dynamic errors sharply
increased from 15 𝜇m to about 650 𝜇m, which would be out
of the acceptable error range. The feature of the dynamic
errors on the third period of the measured surface does
not completely repeat with it on the second period. This is
because the separation position of the stylus tip changed after
a serious stylus flight. But this feature is repeated over two
periods of the measured profile.
The initial position of the measured specimen is also very
important and seriously affects the dynamic errors. In the
numerical simulation, the initial position of the measured
specimen was set from 0.1 mm to 0.6 mm while the scanning speed remained 1 mm/s. The measurement results and
corresponding dynamic errors at different initial position are
shown in Figure 9. While the initial position was increasing,
the dynamic errors obviously reduced from about 250 𝜇m to
smaller than 1 𝜇m. Comparing the results shown in Figures
7–9, the curve shape of dynamic errors presents a subtle
asymmetry that the dynamic errors on the flank side against
the stylus scanning motion are obviously greater than on
another side.

by the method introduced in Section 3.2, and the measuring
force is analysed by the method introduced in Section 3.1. The
maximum values of the dynamic errors and the measuring
force are recorded as a set of data. Then change the values of
the scanning speed and the initial position of the specimen;
step 1 is repeated and more sets of data are acquired. All the
obtained sets of data present the relationship graph between
the dynamic performance and the measurement setup. Lastly,
the optimized selections of the scanning speed and the
initial position of the specimen can be carried out from the
relationship graph according to the requirements about the
dynamic errors and the measuring force of a measurement
task.
The sine-shaped microstructure with steep slopes
expressed by (16) was employed by the numerical simulation
to verify the proposed method. The scanning speed was
set from 0.93 mm/s to 2.00 mm/s, and the initial position
of the specimen was set from 0.3 mm to 0.9 mm. The
relationship graph between the dynamic performance and
the measurement setup was plotted in Figure 10. Assume
that the measurement task requires that the dynamic errors
should be smaller than 10 𝜇m and the measuring force should
be smaller than 5 mN. Then, Figure 10 was reprocessed with
a limitation of the 10 𝜇m dynamic errors and was shown
in Figure 11. The scale of the colour bar was redefined to
easily get more details of the measuring force. The regions of
the scanning speed and the initial position of the specimen
would be the choice which would make the measurement
result meet the requirements of the measurement task. In
addition, the best measurement setup would be 1.1 mm/s
scanning speed and 0.9 mm initial position for higher
measurement efficiency.

4. Control Method of Dynamic Errors
The above numerical simulation and analysis reveals that the
measurement setup (i.e., scanning speed and the initial position of the specimen) should be properly chosen. Otherwise,
excessive measuring force would make the stylus damage the
measured surface, and unacceptable dynamic errors would
reduce the reliability of the measurement results. The method
to control the dynamic errors into the acceptable range was
proposed based on the prediction of dynamic errors and the
measuring force. Firstly, the surface scanning is simulated

5. Conclusion
In order to enhance the form measurement accuracy of
microstructures such as microgears and microholes on the
injector nozzle, research on the dynamic feature of stylusbased probing systems has been carried out in this paper.
Results of numerical simulations reveal that the rate of the
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Figure 10: Relationship graph between the dynamic performance
and the measurement setup.
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slope variation of the measured surface greatly affects the
dynamic performance of the stylus-based probing system.
Furthermore, it is hard to control the dynamic performance
by decreasing scanning speed and increasing spring stiffness
due to requirements on measurement efficiency and measuring force. Afterwards, a simple and cost-effective method to
control the dynamic performance has been proposed without
changing the hardware of the stylus-based probing system.
This method employs kinematical models to predict the influence of the measurement setup on dynamic performance, and
then the optimal scanning speed and the initial position of the
measured sample can be selected according to requirements
on measurement efficiency and measuring force.
It should be noted that the proposed method did not take
adhesion, friction, and elastic deformation into consideration
and the constructed dynamic model is two-dimensional.
These issues remain to be investigated by future work.
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