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ABSTRACT Precision contact probes have a huge demand in industrial manufacturing due to their high
accuracy. However, the passive measurement mode of the existing probe easily causes wear of the probe
ball and loss of accuracy during continuous contact scanning. In this paper, a PZT(piezoelectric actuators)-
driven flexible probe is proposed with the dynamic time-domain function of the system response from low
frequency to high drive frequency. The low-frequency measurement mode is established based on the linear
response of the triangle wave. In order to avoid the trajectory nonlinearity of the stylus ball driven by
PZT, the nonlinear mapping of the PZT hysteresis model is constructed by the BP neural network, and
the linearly weighted particle swarm optimization (PSO) algorithm is used to realize the suppression of the
response nonlinearity. Finally, the measurement experiment of the PZT-driven probe is conducted to reveal
the measurement characteristics of low-frequency mode as well as measurement capability compared with
commercial sensors.

INDEX TERMS PZT-driven probe, low-frequency mode, trajectory nonlinearity, nonlinear suppression.

I. INTRODUCTION
Precision probes have a wide range of applications in indus-
trial manufacturing measurement. Especially in the current
research and development of intelligent manufacturing [1],
micro/nano probes are playing an increasingly important
role in providing high-quality data for industrial digital
twins [2], [3]. However, for industrial-grade contact precision
probes, the passive measurement mode of force stimulation-
deformation-electrical signal response [4], [5] is becoming
a factor restricting accuracy. Specifically, the collision and
wear of the stylus ball of the probe [6], [7] and the inevitable
scanning friction during continuous scanning are leading to
the accuracy degradation of measurement result [8], [9].

For contact measurement, the high flexibility of the probe
itself [10] is not only the main method to reduce the wear of
the probe during the scanning process, but also can weaken
the time-varying friction caused by the normal movement
of the probe. Fundamentally speaking, friction is the direct
cause of ball wear. Li et al. [11], Liebrich and Knapp [12]
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and He et al. [13] have greatly improved the flexibility of
the probe by cleverly designing the core elastic deforma-
tion mechanism. The series-parallel hybrid type of elastic
mechanism usually has higher flexibility potential than the
pure parallel configuration [14], where the ‘rotary net’ type
of Fan et al. [15] and the ‘earthworm’ type of xx [13] are
the representative ones.The increasing flexibility is ultimately
limited to improving the accuracy of the probe. Based on
the existing design of the probe, Cui et al. [16] arranged an
electric field on the stylus ball to realize a new non-contact
measurement mode, and they also proposed a photoelectric
probe that does not rely on mechanical structures [17], which
essentially solved the problem of friction. The usage sce-
narios of these types are limited and the usage methods are
complicated.

In addition, friction or wear not only exists in macro-
scopic workpiece measurement, but also exists in molec-
ular and atomic level measurement represented by atomic
force microscope (AFM) [18]. AFM uses van der Waals
force as the measurement feedback reference, and realizes
multiple measurement modes. The tap mode combines the
advantages of contact and non-contact measurement modes,
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which not only guarantees the measurement resolution, but
also reduces or eliminates the lateral force or micro friction.
National Physics Laboratory (NPL) also uses van der Waals
force as a benchmark to propose a vibration measurement
probe [14], [19], which uses high-frequency response and
active strain feedback to achieve a real-time non-contact
measurement mode. The above measurement modes gener-
ally vibrate at a resonance frequency, which is suitable in a
nano-scale environment. For most probes used for measuring
machined parts, the continuous vibration at the resonance fre-
quencywill inevitably accelerate the collision andwear on the
stylus ball due to the contact force that is hundreds of times
higher than that of AFM. Therefore, how to cleverly use the
advantages of the vibration mode and avoid its shortcomings
is very valuable for improving the performance of the probe.

We have done some work on the improvement of probe
flexibility [20] and the mathematical elimination of friction
force [9] before, and realize that friction force is difficult to
be eliminated fundamentally in contact measurement. And
if the friction force that changes according to the surface
topography can be transformed into a constant friction force,
then the measurement error caused by the friction can be
eliminated as a constant in the results. Vibration mode with
force feedback is a way to realize this idea, which includes the
selection of vibration mode and the application of feedback.
However, it is difficult to directly apply the resonance modes
of hundreds of hertz to the existing passive probes, meaning
the exploration of new vibration modes is more important.

Based on the body of a three-dimensional flexible
probe [9], this paper explores a measurement mode for low-
frequency vibration driven by piezoelectric actuators (PZT).
The dynamic time-domain response function of the probe
system is constructed based on the transfer function of the
system and the triangular wave signals at different drive
frequencies. The characteristics of the system response of the
probe under various PZT drive frequencies are analyzed, and
the advantages of low-frequency drive are summarized. Fur-
ther, the nonlinear waveform of the triangular wave driven by
the PZT low frequency, as well as the influence of nonlinear-
ity on the scanning deviation is analyzed. Then, the method
of nonlinear suppression based on non-uniform B-spline [21]
and particle swarm optimization algorithm (PSO) [22] is
proposed to realize the high-quality nonlinear suppression
of the triangular wave and avoid the deviation of the shape
detection during rapid scanning. Finally, the vibration mea-
surement experiment of the probe is carried out to reveal
the measurement characteristics of low-frequency mode as
well as measurement capability compared with commercial
sensors.

II. DESIGN AND VIBRATION ANALYSIS OF FLEXIBLE
PROBE SYSTEM
A. PZT DRIVEN PROBE SYSTEM
The probe system uses a three-dimensional (3D) flexible
probe containing an elastic deformation mechanism and a
stylus as the mechanical body. During the measurement,

FIGURE 1. Structure of PZT driven probe system.

the stylus of the probe is in contact with the measured surface,
causing the elastic mechanism and the stylus to produce
corresponding deflection under the generation and transmis-
sion of contact force. The deflection of the stylus is along
the direction of the contact force, while the deformation of
the elastic mechanism is along the z-direction, as shown
in Fig.1(a). A simple PZT driven probe is formed by rigidly
connecting the sheet-type PZT with the surface of the can-
tilever through epoxy resin, as shown in Fig. 1(b). The PZT
driven by a specific voltage waveform can drive the cantilever
to produce a controllable, repetitive and precise reciprocating
movement along the z-direction, and the vibration properties
of the cantilever are determined and unique. The real-time
movement of the cantilever is monitored by the capacitive
sensor. The time-varying force or displacement in the mea-
surement will change the signal waveform of the system
response in a non-interference state, where the changes of the
signal magnitude andwaveform are the key to obtaining high-
precision measurement results.

B. DISTURBANCE AND RESPONSE ANALYSIS OF THE
PROBE SYSTEM
The PZT driven probe has a high flexibility, which limits the
dynamic characteristics of the system [23], and determines
the system response characteristics under different drive fre-
quencies, which can be revealed by a dynamic time-domain
response function.

The construction of the transfer function of the probe
vibration system is shown in Equation (1). The deflection f (t)
under PZT drive is equivalent to the force F(t) acting on the
end of the cantilever, that isF(t) = f (t)k , where k is the linear
stiffness corresponding to the cantilever displacement.

ms̈+ cṡ+ ks = f (t)k (1)

where m is the equivalent mass of the cantilever, c is the vis-
cous damping coefficient of the probe system. Thus, the trans-
fer function can be as follows.

Gs =
k

ms2 + cs+ k
(2)
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The PZT driven probe uses a triangular wave as the drive
signal, which is superimposed by a series of sine waves
of different frequencies and amplitudes. Equation (3) uses
Fourier series to express the triangular wave with continuous
periods.

f (t) =
A
2
+

∑
i=1,3,5,···

4A
(iπ )2

cos(iw0t), w0 =
2π
T

(3)

model is
WhereA is the amplitude, i is the i-th harmonic component,

w0 and T are the frequency and period of continuous triangu-
lar wave, respectively. The frequency domain expression of
the triangular wave after Laplace transform is as follows.

L[f (t)] =
A
2s
+

∑
i=1,3,5,···

4As
(iπ )2(i2w2 + s2)

The frequency-domain response of the probe system driven
by a triangular wave at any frequency is thus as follows.

Xo = GsL[f (t)]

The dynamic time-domain response function is further
obtained by the inverse Laplace transform, as shown in
Equation (4).

x(t) = Q1 + 2Ak
∑

i=1,3,5,···

(Q2 + Q3) (4)

where (Q1)–(Q3), as shown at the bottom of the page.
Q1 characterizes the basic properties of the probe system,

and has nothing to do with the drive frequency and system
resonance. Q3 represents the transient response components
of the system related to the PZT drive state. Q2 shows the
superposition of various harmonic components in the system
response. It can be seen that with the increase of the drive
frequency, the dynamic coefficients related tow0 show a non-
linear and sharp change. The i-th harmonic component in
a series of sinusoidal harmonic components of the triangle
wave first resonates, thus causing the i-th sinusoidal oscilla-
tion component to appear in the triangle wave of the system
response. As the PZT drive frequency becomes larger, the
i-2, i-4, . . . th order harmonic components resonate one after
another, finally making the response waveform a standard
sine wave.

III. DYNAMIC TEST AND ANALYSIS OF PZT
DRIVEN PROBE
In order to study the response characteristics of probes at
different PZT driven frequencies, an experimental test plat-
form is built, including two parts: dynamic identification of
the probe system and PZT frequency-driven experiment. The
identification experiment is mainly to obtain the natural fre-
quency and damping of the PZT driven probe, wihle the latter
experiment is to select different drive frequencies from low
too high to analyze the system response characteristics, so as
to select the appropriate drive frequency for the probe. The
experimental platform is shown in Fig. 2, including the probe,
3D pose adjustment device (Thorlabs, MBT616), PZT con-
troller (Thorlabs, MDT693A), signal generator (Tektronix
AFG3052C), linear guide system (Newport, IMS400BPP)
and host computer, etc.

The probe is placed on one side of the guide rail, and the
mirror surface on the posture adjustment device is facing the
probe ball (Fig. 2(b)). The thin-film PZT (brand: Thorlabs,
size: PB4VB2W) is mounted on a cantilever with epoxy resin
as shown in Fig. 2(c). One end near the geometric center is
a fixed end, and the other end is bent under voltage drive,
which drives the cantilever to produce a micro displacement
along the z-axis. The PZT controller amplifies the voltage
of 0-5 V output by the signal generator to a maximum
of 0-150 V.

A. DYNAMIC IDENTIFICATION OF THE PROBE
The experiment uses the free vibration-attenuation curve
to obtain the first-order natural frequency and damping
ratio of the probe system. The stylus ball and the mir-
ror surface (Thorlabs, BBSQ2-E02) of the pose device are
in pre-tightened contact, and the linear guide is set to
a running speed of 60 mm/s to make relative movement
between the stylus ball and the mirror surface. At the
moment of separation from each other, the probe system
will produce a free vibration-attenuation curve as shown
in Fig. 3(a). The first-order natural frequency can be
obtained by Fourier transform (Fig. 3(b)), and the damp-
ing ratio can be obtained according to the fitting curve
of the outer envelope. The first-order natural frequency
of the probe system is 140.7 Hz, and the damping ratio
is 0.011.

Q1 =
A
2
−
Ae−ct/2m

2

cosh(
t
√
c2 − 4km
2m

)+
c sinh( t

√
c2−4km
2m )

√
c2 − 4km

 ,
Q2 =

k cos(iw0t)− i2mw2
0 cos(iw0t)+ icw0 sin(iw0t)

5i2((icw0)2 + (i2mw2
0)

2 − 2kmi2w2
0 + k

2)
,

Q3 =

(i2mw2
0 + k)e

−ct/2m(cosh( t
√
c2−4km
2m )+

2c sinh( t
√
c2−4km
2m )(k−i2mw2

0)

(−2i2mw2
0+2k)
√
c2−4km

)

5i2((icw0)2 + (i2mw2
0)

2 − 2kmi2w2
0 + k

2)
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FIGURE 2. Experimental platform of PZT-driven probe, (a) all the
equipment (b) the relative position of the probe and the pose device
(c) the view of the probe.

B. PZT FREQUENCY-DRIVEN EXPERIMENT
In this experiment, a series of frequencies from low frequency
to resonant frequency are selected as the drive frequency
of PZT. The single-period waveform of the probe system
driven by triangular waves of different frequencies is shown
in Fig. 4. It can be seen that, the triangular waveform at
4 Hz is relatively standard, while there is a more obvious

FIGURE 3. Dynamic properties of the probe system (a) free
vibration-attenuation curve (b) First-order natural frequency.

harmonic interference component at 10Hz. And the harmonic
interference becomes more and more serious as the drive
frequency continues to increase. At 80 Hz, the transition from
a triangular wave to a sine wave is basically completed, and
at the resonance frequency of 141 Hz, the triangular wave
is completely transformed into a standard sine wave. In addi-
tion, the amplitude of the single-cycle waveform shows a non-
linear increase as the drive frequency increases. Compared
with the 3.96 µm amplitude at 4 Hz, the amplitude at 20 Hz
is amplified nearly 6 times to 22.62 µm. This phenomenon is
consistent with the theoretical analysis in section II. B.

Analyzed from the measurement quality, only the low-
frequency triangular wave without resonance influence and
the sine wave at the resonance frequency are suitable as
measurement benchmarks to perceive real-time stimulation
of external force or displacement. The advantages of resonant
frequency drive are large amplitude and dense signal, but
it also brings accelerated fatigue of the deforming struc-
ture of the probe, and the touch force in the measure-
ment of workpieces is hundreds of times higher than that
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FIGURE 4. The gradual change of the response waveform under different PZT-driven frequency (drive voltage, 60V) (a) 4 Hz (b) 10 Hz (c) 20 Hz
(d) 40 Hz (e) 80 Hz (f) 141 Hz.

in the AFM scene, which can easily lead to abrasion of
the probe ball and surface. While the adjustable linear
waveform under low drive frequency has high displace-
ment sensitivity while avoiding the destructiveness caused by
large vibrations of hundreds of Hz. The matching of driving

frequency and scanning speed makes the probe have suffi-
cient spatial resolution and accuracy [5]. More importantly,
the selectable range of low drive frequency will be expanded
through miniaturization and structural optimization of the
probe.
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FIGURE 5. Non-linear waveform driven by 2 Hz triangle wave.

FIGURE 6. The deviation of the scan trajectory before and after nonlinear
suppression.

IV. NONLINEAR SUPPRESSION OF PZT LOW-FREQUENCY
DRIVE BASED ON PSO
A. ANALYSIS OF PZT HYSTERESIS MODEL
The inherent hysteresis of PZT poses a challenge to the
maintenance of the linear waveform of the triangular wave
in the response of the probe system. As shown in Fig. 5,
the triangular wave in the system response shows obvious
nonlinearity under the drive frequency of 2 Hz, of which
the influence on the measurement results is shown in Fig. 6.
In the half-cycle scanning of the triangular wave, the non-
linear problem will cause the probe ball to separate from
the measured surface, resulting in a significant measurement
deviation. For the surface with complex morphology, this
effect will be more obvious. Therefore, in order to ensure
the high quality of the response waveform as a measurement
reference, nonlinear hysteresis should be suppressed.

The experiment uses low frequency of 1-5 Hz as the pre-
selected drive frequency to construct the hysteresis model of
the probe system, and explores the response characteristics
of the probe at five different frequencies, as shown in Fig. 7.
It is found that the hysteresis characteristics of the thin-
film PZT have considerably affected the reference accuracy

FIGURE 7. Hysteresis models under low frequency drive.

of the probe. The difference of the hysteresis model under
different drive frequencies is not very significant, but the
hysteresis model produces a larger harmonic vibration at 5 Hz
with the fluctuation amplitude of about 0.1 µm. To avoid
this phenomenon, the appropriate low frequency should be
determined as 2, 3, 4 Hz.

In order to study the relationship between the hystere-
sis nonlinearity of the probe system and the drive voltage,
the hysteresis model distribution of the probe system in the
range of 30-150V under the drive frequency of 2, 4 Hz is
analyzed. As shown in Fig. 8, the nonlinearity of the wave-
form becomes more obvious as the driven voltage rises, and
it is especially reflected in the middle and low voltage range.
In addition, it can be seen that there is also micro vibrations
at 4 Hz, which has little effect on accuracy due to the small
amplitude.

B. NON-LINEAR SUPPRESSION METHODS
AND EXPERIMENTS
To obtain high-quality detection signal, the hysteresis nonlin-
earity should be suppressed. BP neural network, non-uniform
B-spline and PSO algorithm with linear weight reduction
are used to correct the nonlinear waveform. The standard
triangle wave is used as the ideal output, and the corre-
sponding actual input voltage curve is obtained in turn. First,
the BP neural network is used to fit the nonlinear mapping
relationship between actual input voltage and actual output
displacement at different drive frequencies, and the nonlinear
neural network model of the PZT driven probe at specific
frequency is obtained. Next, a non-uniform B-spline curve
is used to adjust the rising and falling edges of the triangle
wave with 21 control points, as shown in Fig. 9. Then, PSO
algorithm is used to generate voltage random numbers, and
the control point of the B-spline is adjusted and optimized
one by one within the range of random numbers. The cri-
terion for the optimization of the control points is that the
difference between the adjusted output value of the B-spline
and the mapping under the nonlinear neural network model
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FIGURE 8. Hysteresis model under different voltage (a) drive frequency
of 2 Hz and (b) 4 Hz.

FIGURE 9. B-spline control line and points.

is less than the set convergence value. Otherwise, it will
automatically reset the weight of PSO algorithm, regenerate
random numbers and repeat the optimization, mapping, and
comparison process, until finally find the actual input voltage
curve that meets the conditions.

Considering that the non-linearity under the maximum
voltage of 150 V is the most significant, the experiment
studies the suppression of the response non-linearity at
three frequencies of 2, 3, and 4 Hz. According to the peak

FIGURE 10. Actual drive voltage after nonlinear suppression processing.

displacement obtained under the voltage of 150V in the
previous experiment, the ideal output linear expression is
established. After that, the mapping calculation of the actual
input voltage curve is completed according to the above
optimization and solution process.

The actual input voltage constructed by the above method
is shown in Fig. 10. It can be seen that there is a significant
difference between the input voltage curve without any pro-
cessing and through the nonlinear mapping calculation. The
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FIGURE 11. Non-linear suppression effect under low frequency drive (a) triangular waveform at 2 Hz and hysteresis loop (b) at 2 Hz, (c)
triangular waveform at 3 Hz and hysteresis loop (d) at 3 Hz, (e) triangular waveform at 4 Hz and hysteresis loop (f) at 4 Hz.

rising edge changes slightly after being mapped, while the
falling edge arc changes significantly. From the characteristic
analysis of the actual voltage curve, the higher the drive fre-
quency, the smaller the arc of the falling edge, indicating that
the difference between the general voltage and the correction
voltage is smaller.

The actual voltage curve obtained by nonlinear suppression
is then applied to drive the flexible probe. The single-period
triangular wave in the system response after nonlinear correc-
tion is presented in Fig. 11 (a) (c) (e), showing the linearity
under the three drive frequencies is significantly improved.
Table 1 shows the change of the correlation coefficient R2 of
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TABLE 1. Comparison of correlation coefficient R2 before and after
nonlinear suppression.

the fitted curve before and after optimization. It can be seen
that the linearity of the rising edge of PZT itself is much better
than that of the falling edge. After nonlinear suppression,
the linearity of the falling edge of the PZT driven system is
greatly improved.

On the other hand, due to the difference in the nonlinearity
of the triangular wave at different drive frequency, the maxi-
mum hysteresis error of the hysteresis loop is also different.
Fig. 11 (b) (d) (f) shows that, the proposed suppression
method has greatly reduced the hysteresis error, guaranteed
the linear movement of the stylus ball during the scanning,
and avoided the surface separation that may be caused.

V. MEASUREMENT EXPERIMENT OF PZT DRIVEN PROBE
A. EXPERIMENTAL ANALYSIS OF MEASUREMENT MODE
In order to explore the sensing mode of the PZT-driven probe
in the vibration measurement, a single-point reciprocating
motion experiment is designed, and the measurement princi-
ple of the probe in the vibration mode is analyzed. During the
probe start-up phase, the transient waveform superimposed
on the triangular wave will appear in the response signal first,
and then gradually disappear, as shown in Fig. 12. It can be
seen that the greater the drive frequency, the more significant
the transient waveform, indicating that the transient ampli-
tude is directly related to the drive frequency w0, which has
been already stated by Equation (3).

To obtain the measurement principle in the vibration mode,
this experiment uses the pose adjustment device in Fig. 2(b)
to continuously and randomly adjust the relative position
between the smooth mirror and the vibrating stylus ball, and
obtain the measurement data shown in Fig. 13. It can be
seen that, there is a significant ‘‘blank’’ area in the signal
during the measurement period, indicating that the external
displacement has applied linear modulation to the waveform.
In addition to the obvious change in peak value, the linear
waveform of the triangular wave during the free vibration
period is very standard (Fig. 13(b)), while the waveform
during the measurement period has a nonlinear distortion
(Fig. 13(c)). In a period of the drive frequency of 2 Hz,
the stylus ball moving along the rising or falling edge of the
triangle wave maintains continuous contact with the external
displacement trajectory, which in turn causes the modulated
deformation of the waveform as described in Fig. 6.

By constructing the data tables before and after the mea-
surement, the difference between the two, that is, the actual
measurement curve is obtained, as shown in Fig. 14. The
outer envelope of the measurement area is used to express

FIGURE 12. Start-up waveform at different frequencies (a) 2 Hz (b) 3 Hz
(c) 4 Hz.

the contour of the continuous measured displacement. The
higher the drive frequency, the closer the outer envelope is to
the real displacement curve.

B. COMPARATIVE ANALYSIS OF EXPERIMENTAL RESULTS
The greater the drive frequency, the more data points col-
lected per unit time, and the more complete the external con-
tour. The experiment under the frequency of 4 Hz continues,

VOLUME 9, 2021 78831



W. Zheng et al.: Flexible Vibration Probe Based on PZT

FIGURE 13. Analysis of measurement waveforms.

still taking random normal displacement as the detection
object, and using the third-party commercial sensor-German
Micro-Epsilon sensor (CS02) as the reference measurement
instrument, as shown in Fig. 15. The M-E sensor has high
dynamic resolution of up to 40 nm. After the PZT starts
to drive, the posture device is adjusted to make the stan-
dard surface and the stylus ball have a micro contact. Then,
the micron-level feed of the precision adjustment axis on the
pose device is manually operated to generate random relative

FIGURE 14. Analysis of measurement results (a) Comparison of
measurement curves (b) Difference curve between the real and reference
data.

FIGURE 15. Measurement experiment for random normal displacement.

movement between the stylus ball and the surface in the
normal direction.

As shown in Fig. 16, the measurement signal under the
drive frequency of 4 Hz has richer details and higher spatial
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FIGURE 16. Measurement analysis at the drive frequency of 4 Hz.

resolution than that of 2Hz.More importantly, the normal dis-
placement exceeds the amplitude of the free oscillation of the
probe, thus delineating a wide range of blank areas, of which
the valley envelope reflects the movement trajectory of the
measured surface. Besides, the measurement curve detected
by Micro-Epsilon sensor is compared with the result of the
PZT-driven probe, and the error graph shows the maximum
error is −0.287 µm and the average error is 0.010 µm.
The reason for the maximum error is that, the normal dis-
placement under manual adjustment easily leads to shock
waveforms as the displacement changes suddenly. At this
time, the stylus ball is being in the moving track of the rising
or falling edge of the triangle wave, and the waveform of the
shock wave is coupled with the rising or falling edge and is
submerged. For example, the measurement curve of Micro-
Epsilon sensor during 4-6 s has two obvious spikes, which
are larger than the error in the error graph.

VI. CONCLUSION
Through sufficient theoretical and experimental research,
the system response characteristics of the probe under various
drive frequencies are fully analyzed. In the resonance mode,
the hitting frequency of hundreds of Hz on the measured
surface greatly increases the risk of collision and wear of the
stylus ball, while the touch force of the probe is hundreds
of times that of AFM. In comparison, although the low-
frequency drive mode has led to a significant reduction in
the number of measurement points per unit time and the
discretization of the contour, the characteristic of relying on
the natural frequency of the mechanical body makes this
mode has sufficient potential for application. This experiment
uses a flexible mechanism with a natural frequency of only
141 Hz. For every 100 Hz increase in the natural frequency,
the upper limit of the drive frequency can be increased by
3-4 Hz. Besides, the proposed PZT nonlinear suppression

method greatly improves the detection accuracy of the senor
and ensures the high quality of the measurement signal.

Moreover, the low-frequency drive mode can achieve the
effect of dense-point measurement by matching the appropri-
ate scanning speed [4], [24], but it is impossible to eliminate
the error effect of time-varying friction without feedback.
Therefore, it is intended to increase the force feedback mod-
ule on this basis to keep the contact force as well as friction
force between the stylus ball and measured surface constant,
so that the value of the low-frequency drive mode can be
further expanded.
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