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ABSTRACT Contact scanning probes have higher accuracy than non-contact probes in industrial applica-
tions. But changes of the measured surface and adjustment of velocity and acceleration may cause random
measurement deviations, which are mainly determined by dynamic characteristics of the probe system.
To realize the prediction of measurement deviations related to scanning parameters, this paper proposes
a simpler detection method of dynamic performance. In this article, the dynamic response characteristics of
the probe to diverse external stimuli are studied theoretically and experimentally on the basis of the original
probe design. Under different scanning variables including the amplitude, spacing and shape of the surface,
velocity and acceleration, the integration of the second-order vibration model and external excitation forms
the theoretical basis for quantitative analysis of the system response, and numerical simulation and three sets
of experiments are designed to effectively verify the deviation distribution of the system response caused by
different scanning parameters in the time and frequency domains.

INDEX TERMS Scanning probe, velocity and acceleration, external excitation, natural frequency,
deviation-boundary prediction.

I. INTRODUCTION
Contact scanning probes have higher measurement accuracy
than non-contact probes, and are widely used in industrial
measurement. However, higher scanning velocity may bring
greater measurement deviations [1], [2] in high-efficiency
measurement applications.

Scanning velocity/acceleration is an important source of
dynamic error in probe measurement, and the identification
of error sources and the evaluation of deviations have long
been concerned [3]. The natural frequency of some flexible
probes is usually around 100∼600 Hz [4]–[9], making the
probe response very sensitive to the scanning velocity and
acceleration. Farooqui and Morse [10] proposed a method
based on the shape detection of standard samples. By chang-
ing the scanning parameters such as velocity and scanning
directions to study the dynamic performance of CMM (Coor-
dinate Measuring Machines), it was found that changes in
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scanning velocity may lead to significant deviations. Pereira
and Hocken [11] experimented with the high-velocity mea-
surement performance of the CMM by using the calibrated
ring sample, and proposed a first-order approximate scanning
model to well compensate the dynamic error. Krajewski and
Woźniak [1] designed an angle sample to better demon-
strate the influence of different scanning velocity on the
measurement accuracy of active or passive probes from the
frequency-amplitude domain. Later, the sample is improved
with a pressure sensor [2] to identify and estimate the source
of dynamic errors by detecting the contact pressure of the
stylus. These typical methods mainly rely on various forms
of samples to analyze the deviations under different scanning
velocity/acceleration scenarios, which are effective for spe-
cific probes and specific tested parts.

However, the measurement object of the scanning probe
is not unique, but a surface or movement with complex
and diverse characteristics, including spacing, amplitude, and
curvature, etc.. The above methods cannot solve these chal-
lenging tasks well. External auxiliary detection equipment,
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such as laser interferometer [12], piezoelectric ceramic con-
verter [13] are also often used in these scenarios, but they are
expensive and complicated to implement. Pollastri’s contri-
bution [14] seems more effective. In the gear error detection,
he proposed the concept of the selection domain for the
waviness-scanning velocity of the sample, which is used to
achieve a reasonable balance between the scanning veloc-
ity and measurement uncertainty. This selection strategy is
relatively enlightening. Although the dynamic characteristics
of the probe system are decisive in the selection of scan-
ning parameters, the existing methods are more to study the
probe’s response without effectively combining the internal
dynamic characteristics of the probe with external excita-
tions, which can promote the establishment of a mathemat-
ical relationship between the scanning parameters including
velocity/acceleration, the surface or motion characteristics
of the sample, and the natural frequency and damping ratio
of the probe. Thus, the unified analysis of the internal and
external parameters of the probe during scanning will enable
the prediction and evaluation of the system response and
deviations for most scanning parameters. In this case, various
forms of standard samples are not necessary.

Based on the design of a flexible probe [11], [15], this
paper studies the system response characteristics generated
by the coupling of the dynamic characteristics of the probe
system and diverse external excitations, including different
surface or motion, velocity and acceleration. The constructed
mathematical mapping between the external excitation vari-
ables and the system deviation provides a predictive scanning
strategy for the dynamic scanning of the probe, so as to avoid
the measurement deviation caused by improper selection of
scanning velocity and acceleration.

II. DYNAMIC PERFORMANCE OF THE PROBE SYSTEM
The flexible probe used by the scanning strategy research is
shown in Fig. 1 It uses a monolithic compliant mechanism
as the force-deformation structure, and uses capacitive dis-
placement sensors to monitor the z-direction deformation of
the three cantilevers B, D, and F in real time. During the
scanning, the stylus of the probe generates continuous vibra-
tion along the direction of the contact force, and produces
real-time responses on the three cantilevers. Because of the
dynamic characteristics of the probe system, there is not only
a basic linear relationship between the continuous vibration
of the probe ball and the displacement response of the can-
tilever in the scanning measurement, but also the dynamic
response deviations determined by the natural frequency and
damping ratio of the system. The deviations are inspired by
the scanning velocity/acceleration and the characteristics of
the measured surface or motion. A simplified diagram of the
dynamics of the probe system is shown in Fig. 1(b).

A. 2ND ORDER VIBRATION MODEL OF PROBE
The second-order vibration model is a typical mass-spring-
damped vibration system. The system input is the contact
force F, which results in the ball displacement s or the offset

FIGURE 1. Vibration analysis of the probe system. (a) Deformation in the
scanning. (b) Model simplification.

angle ϕ. The system output is the cantilever vertical displace-
ment v or the center-based offset angle γ . And there is a clear
conversion relationship between the corresponding angle and
displacement. As shown in Fig. 1(a), Ls is the effective length
of the stylus, L1 is the distance from the monitoring point of
the cantilever displacement to the geometric centerO, and Jeq
is the equivalent moment of inertia. In addition, γ = v/L1,
ksp = kdv/γ , where ksp, kd are rotational and linear stiffness
of the cantilever, respectively. The second-order vibration
model of the system can be derived based on the deformation
principle of the three-dimensional structure of the probe,
as follows.

Jeqγ̈ + cγ̇ + kspγ = FLs (1)

where c is the viscous damping coefficient. Equation (1)
can be then transformed into Equation (2), and the transfer
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function Gs of the probe system is therefore derived as Equa-
tion (3).

v̈+ c/Jeqv̇+ ksp/Jeqv = FLsL1/Jeq (2)

Gs =
LsL1

Jeqs2 + cs+ ksp
(3)

B. ANALYSIS OF EXTERNAL EXCITATION AND SYSTEM
RESPONSE OF THE PROBE
The probe in this article is used on the machine tool to detect
the spatial pose of the machine motion. The independent
design and manufacturing of the probe provides convenience
for the dynamic research. For anymechanical system, the nat-
ural frequency and damping ratio determine the characteris-
tics of the system response to any external excitation, and
ultimately cause the large or small measurement deviations
under different scanning parameters. Therefore, the dynamic
model of the probe can be used to effectively construct the
mathematical mapping between the scanning parameters and
the response deviations, and the boundary of the measure-
ment deviations can be predicted under the actual working
conditions, finally contributing to a better scanning strategy.

1) CHARACTERISTIC DESCRIPTION OF THE MEASURED
SURFACE OR MOTION
There are about 40 characteristic parameters of dynamic
motion or surface topography [16], [17], which can be divided
into three categories of height, interval space and shape,
which reflect the ups and downs of the topography, the dis-
tance between the peaks or valleys, and the curvature charac-
teristics of the shape, respectively, as shown in Fig. 2(a).

The sine function is used to describe the ideal measured
surface or motion, as in Equation (4), where A represents the

FIGURE 2. Characterization of the measured surface or movement.
(a) Characteristic analysis. (b) Mathematical description.

amplitude of the topography, x represents the distance swept
by the probe along the scanning direction, and l represents
the periodic distance.

f = A sin(
2π
l
x) (4)

The sinusoidal curves under different surfaces can be sim-
ulated by adjusting the amplitude A and the spacing l, and
the two also determine the curvature characteristic ρ of the
curve. When the change of the measured surface or motion
is very small and approximate to an ideal plane, both the
amplitude A and the spacing l will be infinitely large; when
the change is very sharp, the amplitudeAwill increase and the
spacing l will decrease, respectively. It should be noted that
the characteristics of the actual measured object are complex
and diverse, so the most sensitive surface features can be used
as the basis for deviation evaluation.

2) RESPONSE ANALYSIS UNDER SCANNING VELOCITY
The excitation signal of the probe system is expressed by the
continuous contact forceF(t) formed by themeasured surface
or motion, as described in Equation (5), where ks is the touch
stiffness of the probe in the scanning. Then the frequency
response of the probe system Xo (s) can be obtained from
the product of the transfer function (Equation (3)) and the
Laplace transform of the excitation signal L[F(t)]. Further,
the time response of the system xo (t) is derived from the
inverse Laplace transform of Equation (6).

F(t) = A sin
2πv0t
l
· ks (5)

Xo(s) = G(s) ·
2πAv0lks

l2s2 + 4v20π
2

=
2πAv0lksLsL1

(Jeqs2 + cs+ ksp)(l2s2 + 4v20π
2)

(6)

where c = 2ξwnJeq,wn =
√
ksp/Jeq,wd = wn

√
1− ξ2,

and ξ is damping ratio, wn, wd are the natural frequency and
resonance frequency of the system, respectively.

x0(t) =
2πAcksl3LsL1ve−ct/2/JeqQ1 − Q2

Q3
(7)

where

Q1 = cosh(
t
Jeq

√
c2

4
− Jeqksp)

−

Jeq sinh( t
Jeq

√
c2
4 − Jeqksp)(

c−2
2Jeq
−

4π2v20J
2
eq−kspJeql

2

cJeql2
)√

c2
4 − Jeqksp

Q2 = 4Aπ2JeqksLsL1l2v20 sin(
2πv0t
l

)

−AkskspLsL1l4 sin(
2πv0t
l

)

+ 2AπcksLsL1l3v0 cos(
2πv0t
l

)

Q3 = 16π4J2eqv
4
0 + 4π2c2l2v20 − 8π2Jeqkspl2v20 + k

2
spl

4
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FIGURE 3. Comparison of spectral characteristics between acceleration
and uniform velocity.

TABLE 1. Parameters in time domain response function.

Q1/Q3, Q2/Q3 represent the transient response of the
system and the steady-state response, respectively. There
is a strong coupling relationship between sinusoidal wavi-
ness and velocity, especially in the steady-state response,
where the velocity has made obvious non-linear modu-
lation to the sinusoidal waviness. The higher the veloc-
ity, the greater the deviation between the amplitude of the
steady-state response and the true value. From the spec-
trum analysis, the dominant frequency and the corresponding
amplitude in the response signal spectrum show an increasing
trend when the scanning velocity increases from small to
large.

3) RESPONSE ANALYSIS UNDER SCANNING ACCELERATION
Taking sine waviness as the measurement object, the system
response under scanning acceleration is a sine wave with
continuously changing frequency. As shown in Fig. 3, the two
processes of the scanning acceleration and uniform scanning
after the acceleration present two completely different spec-
tral characteristics. In the acceleration stage, there is a wide
frequency band without clear main frequency; while in the
uniform velocity stage, the main frequency is significant and
there is no additional frequency. The acceleration process in
scanning measurement cannot be avoided, and the deviation
in response amplitude caused by the acceleration difference
needs to be clarified.

FIGURE 4. System response under different scanning velocity.
(a) Amplitude oscillation. (b) Changes of steady-state amplitude change.
(c) Main frequency under variable velocity and (d) corresponding
amplitudes.

The contact force during accelerated scanning is expressed
by F(t), and the distance x in Equation (4) is expressed by
at2/2, thus Equation (8) is derived. The composite function
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FIGURE 5. The velocity-amplitude curve under (a) the amplitude A and
(b) the spacing l .

cannot obtain an accurate frequency expression through the
Laplace transform, so the time response of the system xo(t)
is processed as the time convolution of the excitation signal
F(t) and the transfer function L−1[G], as in Equation (9).

F(t) = A sin
aπ t2

l
· ks (8)

x0(t) = F ⊗ L−1 [G(s)] (9)

where a is the acceleration, and t is the acceleration time.

III. SIMULATION ANALYSIS OF PROBE
SYSTEM RESPONSE
The possible influence of the scanning parameters on the sys-
tem dynamic response is mainly determined by the first-order
natural frequency of the probe. It can be said that the
first-order natural frequency restricts the improvement of
the scanning efficiency of the probe. With the help of the
constructed system response function (Equation(6) and (8)),
the numerical simulation shows the clear deviation distribu-
tion of the probe scanning.

FIGURE 6. Accelerating excitation and response deviation (a) 30 mm/s
and (b) 60 mm/s.

A. DEVIATION DISTRIBUTION UNDER
UNIFORM SCANNING
A sine surface with an amplitude of 80 µm and a sin-
gle period of 2 mm is used as the measurement object,
and a velocity of 2-600 mm/s is set to obtain the system
response. Table 1 shows the parameter assignments in the
response function, among which the first-order natural fre-
quency is obtained by FEA (Finite element analysis). Fig. 4(a)
shows the velocity-amplitude curves in the velocity range of
5-160 mm/s. The amplitude curve at the beginning is coupled
with the transient response fluctuation, and the amplitude
increases as the velocity becomes larger. And the ampli-
tude in the steady-state period has also increased. There-
fore, the amplitude of the steady-state response curve of the
system in the velocity range of 2-600 mm/s is calculated
as shown in Fig. 4(b). The steady-state amplitude distribu-
tion of the probe system can be divided into three stages:
in the first stage I, the amplitude basically remains stable,
showing a slow and tiny increase; in the second stage II,
the amplitude increases sharply, and reaches the peak at
about 320 mm/s, the system resonates (160 Hz); in the third
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FIGURE 7. The acceleration-amplitude cure under (a) the amplitude A
and (b) the spacing l .

FIGURE 8. Experimental platform for scanning verification.

stage III, the steady-state amplitude after the peak decays
nonlinearly to zero. When the amplitude of the velocity-
amplitude curve begins to increase non-linearly, the mea-
surement result has begun to distort, which means that the
resonance effect begins to appear. The internal mechanism

FIGURE 9. Dynamic system identification of the probe prototype (a) free
attenuation curve. (b) Frequency spectrum. (c) Envelope and fitting curve
of attenuation.

of the change of the velocity-amplitude curve is revealed by
the velocity-main frequency curve in Fig. 4(c) and the main
frequency-amplitude curve in Fig. 4(d). The main frequency
of the response at different velocity changes linearly, and
the amplitude corresponding to the main frequency is sim-
ilar to the velocity-amplitude curve, showing a significant
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FIGURE 10. Bode diagram of the probe.

FIGURE 11. Machined surface. (a) Amplitude A = 80-100 µm, spacing
l = 2 mm. (b) Amplitude A = 200 µm, spacing l =30 mm.

non-linear change. The spectral amplitude also reaches the
maximum at a velocity of 320 mm/s, which corresponds
to the first-order natural frequency of the probe 160 Hz.
Therefore, if the steady-state deviation during scanning of
the probe is set to 1.0 µm, the velocity interval can be
selected as (0, 48] mm/s according to the velocity-amplitude
curve.

FIGURE 12. Axial runout of linear guide.

The natural frequency of the probe system determines or
limits the upper limit of the scanning velocity. The amplitude
deviation caused by the scanning velocity is not concentrated
near the fixed frequency, but attenuates nonlinearly to both
sides with the fixed frequency as the center. Different mea-
surement tasks have different preferences for errors, and
the maximum allowable scanning velocity under different
requirements can be selected specifically, so as to take
into account scanning efficiency and accuracy. This analyt-
ical method connects the scanning parameters, measurement
deviations and system dynamic performance, thus realizing
the estimation of measurement deviations and the optimiza-
tion of scanning strategies.

The amplitude A and spacing l of the measured surface or
motion also affect the measurement deviation. The larger the
amplitude A is, the more obvious the oscillation deviation of
the system response curve at the same velocity will be; the
smaller the distance l is, the narrower the stage I will be.
Fig. 5(a) shows the velocity-amplitude curve of the system
when the topography amplitude changes from 80 to 5 µm.
When the amplitude is 80, 60, 40, 20, 5 µm, the resonance
peaks are all at the velocity of 0.32 m/s. As the amplitude
changes from 80 to 5 µm, the resonant peak of the system
decreases sharply along with the smoother stage I. The upper
limit of the scanning velocity under the allowable measure-
ment deviation can be higher at low amplitudes.

Fig. 5(b) reflects the response of the probe to sinu-
soidal signals at different intervals. The peaks of the
velocity-amplitude curves when the spacing is 2 mm, 1 mm,
0.5 mm, and 0.2 mm are 0.32 m/s, 0.16 m/s, 0.08 m/s and
0.032m/s, respectively. The smaller the distance l, the smaller
the velocity to achieve the resonance effect, that is, the main
peak of amplitude, which shows the left shift of the main
peak, and leads to an increase in themeasurement deviation of
the first stage of the velocity-amplitude curve. For measuring
objects with drastic changes in surface or motion, the pro-
posed method can better match the scanning velocity to meet
the needs of measurement accuracy.

VOLUME 8, 2020 189451



W. Zheng et al.: Scanning Strategy of Deviation-Boundary Prediction Based on Probe Dynamics

FIGURE 13. Spectral characteristics at different velocity.
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B. DEVIATION DISTRIBUTION UNDER
ACCELERATED SCANNING
The acceleration range adopted in this part is between
50 - 200 mm/s2. Fig. 6(a) reflects the system response curve
under acceleration excitation before the scanning velocity
reaches 30 mm/s. The measured sinusoidal surface is set to
an amplitude of 80 µm and periodic length of 2 mm.
The probe sweeps 5 sine peaks. The deviation between the

5th peakAe and the 1st peakAs is 0.3µmwith the acceleration
set to 50 mm/s2, and the deviation in the uniform scanning
for comparison is close to zero. When scanning with a large
acceleration, the scanning velocity is too small to include
5 sine peaks, so the peak fluctuation cannot be observed. But
when the velocity is larger, the deviation in the same situation
is bigger. Fig. 6(b) further shows the acceleration response
curve at a velocity of 60 mm/s. From the amplitude envelope
represented by the black dashed line, the amplitude shows an
approximately linear increase under different accelerations.
In terms of the amplitude deviation between the 5th and the
1st peak, 1A at accelerations of 200 mm/s2, 150 mm/s2,
100 mm/s2, and 50 mm/s2 are 1.15 µm, 0.9 µm, 0.56 µm,
0.31µm, respectively. However, from the analysis of the
whole acceleration process, the generated 1A are 1.15 µm,
1.16 µm, 1.22 µm, and 1.32 µm, respectively. It can be
seen that the amplitude deviations at this time has undergone
opposite changes, and the peak deviation at small acceleration
is larger, for the probe has swept a longer distance x.
The spacing feature is closely related to the frequency

in the excitation response. At the same velocity, the larger
the distance l is, the smaller the dominant frequency (or
frequency band) of the response signal will be, thus closer
to the resonance frequency. In Fig. 7, compared to the case
where the distance l is at 2000µmand 1000µm, the response
amplitude at l = 500 µm shows obvious increase. In this
case, only when the scanning velocity is within the selected
interval, can such a significant increase in amplitude devia-
tion be avoided.

In short, if the same distance is scanned with different
accelerations, the amplitude deviation will increase as the
acceleration increases. However, if the scanning is performed
at a constant velocity after reaching the specified velocity,
the amplitude deviation in the distance swept by the accel-
eration will decrease as the acceleration increases. For those
high-amplitude and small-pitch surfaces or waves, it is nec-
essary to consider the acceleration, velocity, acceleration dis-
tance, and uniform scanning distance based on the calculated
error boundary.

IV. VIBRATION MODEL IDENTIFICATION AND
EXPERIMENTAL VERIFICATION
A. SECOND-ORDER VIBRATION MODEL IDENTIFICATION
The high flexibility and limited linear elastic range of the
probe make it difficult to apply conventional vibration iden-
tification methods such as hammering. This paper proposes
a method of free decay curve. In the experiment shown

FIGURE 14. Relative deviations at different velocity.

in Fig. 8, the posture platform is used to make the probe ball
and the mirror surface have a soft contact, which produces
a displacement of 20-40 µm in the normal direction. Then
the linear guide moves at a uniform velocity in one direction
to achieve the final separation of the two, thereby obtaining
the attenuation curve of free vibration in Fig. 9(a). After the
free decay curve is Fourier transformed, the first-order natural
frequency in Fig. 9 (b) is obtained, which is 144 Hz. Further,
ξwn = 3.204 is obtained after fitting the envelope of the
attenuation curve, and the damping ratio is 0.0225.

The available second-order vibration model of the probe
prototype is as Equation (10), which can better analyze
the scanning parameters effectively, so as to determine the
actual scanning strategy. According to the transfer function,
the Bode diagram of the system is shown in Fig. 10.

Gs =
13

0.22s2 + 8.9573s+ 222300
(10)

To verify the characteristics of the system response
under various scanning parameters, three application exper-
iments are designed, namely the axial runout of the linear
guide (Fig. 8), the A80l2 sinusoidal waviness measurement
(Fig. 11(a)) and the A200l30 curved surface measurement
(Fig. 11(b)).

B. AXIAL RUNOUT OF LINEAR GUIDE
The axial runout of the linear guide is measured by the capac-
itive sensor (Micro-Epsilon, CS 005), and shown in Fig. 12,
which is similar to a sine. Because there is a very tiny angle
between the mirror surface and the running direction of the
guide rail, the measured displacement curve appears as an
inclined line. The analysis shows that the periodic amplitude
of the guide rail during steady operation is about 1 µm, and
the pitch of axial runout is about 170 µm.

The small pitch of the axial runout enables the allowable
velocity of the guide rail to run through the I, II, and III stages
of the velocity-amplitude curve, so the scanning velocity
is set to a series of velocity from 0.2 mm/s to 16 mm/s.
Fig. 13 shows the spectrum of the response signal of the
probe. At 0.2 mm/s, the dominant frequency is 100.1 Hz,
and the amplitude is 0.024 µm. As the scanning velocity
increases, the dominant frequency and corresponding ampli-
tude gradually increase, and achieves the maximum ampli-
tude of 0.457µm at 142.4 Hz, which is close to the first-order
natural frequency. After that, the main frequency continues to
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FIGURE 15. Frequency changes at different velocity.
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FIGURE 16. Spectrum characteristics under acceleration (a) 40 mm/s with 30 mm/s2 (b) 50 mm/s with 30 mm/s2.

increase slowly, but the corresponding amplitude decreases
rapidly. The axial runout of the linear guide is not strictly a
sine wave, although the trend of change curve of the main
frequency is consistent with the theoretical analysis, it is still
not significant. The second experiment will make up for this
deficiency.

C. SINUSOIDAL-WAVINESS SCANNING EXPERIMENT
1) SYSTEM RESPONSE DEVIATIONS WITH VELOCITY
The design amplitude A of the sinusoidal surface is
80-100 µm, and the spacing l is about 2 mm. The data
analysis of this experiment is carried out in the time domain
and frequency domain, in which the amplitude change of the
sinusoidal surface and the linear change of the dominant fre-
quency can be observed, respectively. In the scanning velocity
range of 0∼100 mm/s, the sinusoidal ripple that is not dis-
turbed by acceleration is selected as the comparison object to
study the change of amplitude. In the experiment, the relative
deviations at three different velocity are compared, as shown
in Fig. 14. As the velocity increases, compared to the curve
at 5 mm/s, the fluctuation of the curves at the other velocity
increases, meaning the deviation is bigger: the average of
relative deviation under 30 mm/s is about 0.930 µm, while
the deviation under 60mm/s increases to 1.510µm. Themain
reason for the increase in deviation can be seen from the Bode
diagram and the velocity-amplitude curve in the theoretical
analysis. The closer the velocity is to the one corresponding
to the resonance frequency, the larger the amplitude in the
system response will be.

According to Fig. 15, with the velocity from 0.6 mm/s
to 60 mm/s, the dominant frequency of the probe response
begins to change linearly from scratch to large. And the
amplitude corresponding to the main frequency also shows an
overall upward trend as described in theoretical analysis. Due
to the influence of the axial runout of the linear guide, there
is already a significant secondary frequency near 144 Hz as
the velocity exceeds 2 mm/s. At low velocity, the frequency

near 144 Hz is mainly caused by the axial runout of the guide
rail.

In addition, the frequency spectrum corresponding to the
scanning velocity at 70 mm/s has been greatly affected by the
acceleration process because of the maximum acceleration
limit of 200 mm/s2. As shown in Fig. 15(h), a continuous
frequency band appears between 0 and 35 Hz.

2) SYSTEM RESPONSE DEVIATIONS WITH ACCELERATION
Through theoretical analysis, the steady-state response devi-
ation on the sine profile shows a certain increasing trend
with the increase of acceleration. The amplitude and spacing
parameters also affect the response deviation under accel-
eration. The response signal in the acceleration is a contin-
uous frequency band in the frequency spectrum, as shown
in Fig.16. The frequency band changes continuously from 0 to
the corresponding frequency when the sweep is cut off. The
obvious frequency appearing at about 144 Hz is caused by the
axial runout of the guide rail.

The low and high acceleration experiments at two different
velocity (60 mm/s, 80 mm/s) are tested. Fig. 17 shows the
system response corresponding to the acceleration excitation
of 20 mm/s2, 30 mm/s2, and 40 mm/s2 at 60 mm/s. From the
analysis of the entire scanning path, the average deviation of
the whole process under the three low acceleration is very
small, and there is only obvious misalignment in the corners
of the peaks or valleys. The overall average deviation is
less than 0.1 µm. By comparing with theory and simulation
analysis, and taking into account the inherent measurement
deviation of the probe, the low acceleration scanning has a
small effect on the response curve.

Furthermore, the response difference between high and low
accelerations of 40mm/s2, 80mm/s2 and 120mm/s2 matched
with the velocity of 80 mm/s is studied. This experiment sets
a larger acceleration interval to highlight the possible influ-
ence of acceleration on the response curve. Compared with
low-velocity continuous scanning, the amplitude deviation
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FIGURE 17. Low acceleration test at 60 mm/s (a) Time-displacement curve and (b) distance-displacement curve of the acceleration.

FIGURE 18. Low and high acceleration curve at 80 mm/s.

under high velocity scanning is significantly increased,
as shown in Fig. 18. The average of relative deviations
between 80 mm/s2 and 40 mm/s2 is about 0.620 µm, but the
average between 120 mm/s2 and 40 mm/s2 reaches to 2.30 µ
m. The above is the result of removing the interference of the
axial runout of the guide rail.

D. EXPERIMENTAL VERIFICATION OF LARGE CURVED
SURFACE
A large arc with an amplitude A of about 200 µm and a
spacing l of 30 mm is applied. According to theoretical cal-
culations, the resonance velocity corresponding to the large
curved surface is 4.784 m/s, and the amplitude deviation will
reach 0.3µmat themaximum allowable velocity of 200mm/s
of the linear guide. But in this case, the probe will sweep
across the curved surface with an acceleration of no more
than 200 mm/s2 with the deviation of 0.5µm. The considered
scanning strategy is to scan across the plane on both sides of
the large curved surface with an acceleration of 200 mm/s2

and scan across the entire curved surface at a uniform velocity

FIGURE 19. Comparative curves detected by the probe.

of 40 mm/s, of which the deviation is less than 0.08 µm.
Fig. 19 represents the measurement result. Compared with
the measurement curve of CMM, the average deviation of the
measurement result is 0.2050 µm, the median is 0.1998 µm,
and the mode is 0.075 µm. The above data is the result of
compensating the systematic error including the axial runout.

V. CONCLUSION
This paper proposes a new method based on the dynamic
detection of the probe system to estimate the response devi-
ation of the probe system caused by the setting of different
scanning parameters. Relying on the second-order vibration
model of the real probe, the mapping relationship between
the system response deviation and specific scanning variables
such as velocity, acceleration and the amplitude, spacing and
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curvature of the surface is quantitatively analyzed. This also
makes it possible to select more appropriate scanning param-
eters according to the characteristics of measured objects to
minimize scanning deviations.

More importantly, we realize that the dynamic characteris-
tics of the probe, especially the natural frequency, is the key to
restricting the scanning speed and acceleration. The increase
of the natural frequency will make the selection range of
speed and acceleration within the allowable deviation wider.
But it will inevitably lead to an increase in the contact stiff-
ness of the probe, which is not conducive to the detection of
fragile surfaces. In the follow-up, we consider researching a
variable stiffness probe to balance this contradiction.
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