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Abstract: Atomic force microscopy (AFM) is one of the useful tools in the fields of 

nanoscale measurement and manipulation. High speed scanning is one of the crucial 

requirements for live cell imaging and soft matter characterization. The scanning 

speed is limited by the bandwidth of the AFM’s detection and actuation components. 

Generally, the bandwidth of a traditional scanner is too low to conduct the live cell 

imaging. This paper presents a simple and integrated compact home-made AFM for 

high speed imaging. To improve the bandwidth of the scanner, a parallel kinematics 

mechanism driven by piezoelectric actuators (PZTs) is proposed for the fast 

positioning in the X, Y and Z directions. The mechanical design optimization, 

modeling and analysis, and experimental testing have been conducted to validate the 

performance of the proposed scanner. A number of experimental results showed that 

the developed scanner has the capability for broad bandwidth with low coupling 

errors in the actuation directions. A hybrid control strategy including feedforward and 

feedback loops has been designed to significantly improve the dynamic tracking 

performance of the scanner and a field programmable analog array (FPAA) system is 

utilized to implement the control algorithm for excellent and stable tracking capability. 

Further, a number of high speed measurements have been conducted to verify the 

performance of the developed AFM. 
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1. Introduction 

Atomic force microscopy (AFM) is one of the powerful and widely used tools in 

the fields of nanoscale imaging, measurement, manipulation, and manufacturing [1-3]. 

In general, an AFM consists of sensing and actuation components including the 

cantilever with a sharp tip, the scanner, the detection laser, the position sensitive 

photodiode (PSD), and the signal processing control system. During scanning process, 

the cantilever will bend and deflect the laser beam on the PSD. In contact mode 

scanning, the deflection of the cantilever or the force between tip and sample remains 

constant through a feedback control scheme. The topographical information of the 

sample can be derived from the command signal generated by the controller to actuate 

the z axis of the scanner. The contact mode scanning has been widely utilized to 

obtain high-resolution images of protein, blood cells and other biological systems [4, 

5]. Based on the contact mode AFM and conductive probe, the mechanical and 

electrical properties of a number of functional materials including electroactive 

polymers, biomolecules, and piezoelectric crystals can be measured [6]. Further, 

understanding the electrical and electromechanical characteristics at the nanoscale is 

one of the important requirements for semiconductor material design [7, 8]. However, 

traditional AFM generally suffers from the limitation of slow imaging rate due to the 

low bandwidth of the scanning process. This indicates that it is a time-consuming task 

to conduct AFM imaging. For example, a commercial AFM would take at least 2 

minutes to obtain a 128 × 128 pixels resolution image with a typical scan rate of 1 Hz 

[9], which is too slow for the imaging and investigating of biological processes [10, 

11] and nanofabrication [12, 13]. In order to broaden the scope of AFM applications, 

high speed scanning and imaging is required for both academic and industrial 

researchers. The scanning speed is typically constrained by four factors, including the 



resonance frequencies of cantilever and scanner, the bandwidth of controller and the 

data processing system [14]. 

To overcome the previously mentioned shortcomings, small-sized, high 

bandwidth [15, 16] and low quality factor (Q factor) [17] cantilevers were proposed to 

improve the imaging sensitivity and speed. As one of the other key components, the 

scanner has a significant impact on the imaging speed. Conventionally, piezoelectric 

tube is one of the most widely utilized scanners in commercial AFMs. It has excellent 

resolution, compact structure, easy to install and configure. However, it has two fatal 

flaws including low resonance frequency and cross coupling errors, which 

significantly affect the scanning rate and reduce the imaging quality. There are two 

techniques which are proposed to address the above issues. One is to utilize a new 

spiral scanning trajectory, instead of the raster scanning [18]. However, a suitable and 

even complex control algorithm must be developed to accurately track the spiral 

scanning trajectory. This will inevitably increase the complexity of the scanning, and 

also requires a high performance controller. The other seeks to establish an alternative 

scanner, which has high resonance frequency and motion accuracy, to replace the 

piezoelectric tube. Recent research efforts have been directed towards the flexible 

hinge based scanners. Leang and Fleming [19] presented a 2-axis (XY) high-speed 

scanner. Wadikhaye et al. [20] proposed a high-speed serial-kinematic XY 

nanopositioner. A compact XYZ scanner for high-speed atomic force microscopy was 

also developed and reported [21, 22]. Another high-performance XYZ scanner was 

integrated with a commercial scan-by-probe AFM [23]. All these scanners are based 

on serial-kinematics mechanism. Utilizing the parallel kinematics mechanism, 

efficient and high-bandwidth scanners were developed by Schitteret [24], Li [25] and 

Yong [9]. Since parallel kinematics mechanisms offer high motion accuracy, large 

mechanical stiffness, high resonance frequencies and compactness, they are  

increasingly utilized in high-speed nano-positioning applications. 

The bandwidth of the sensing and control system also affects the imaging speed. 

Currently, most of the AFMs use digital signal processing (DSP) and feedback 

controllers. In such digital systems, the signals need to be sampled and afterwards 



quantized by analog-to-digital (A/D) converter prior to sending the required data to 

DSP. Similarly, the command signals also need to be converted into the analog 

outputs to drive the actuators. These conversion and quantization processes will 

introduce delays and errors, and thus decrease the scanning speed. In order to achieve 

high speed, low noise and high accuracy, improved ADCs, DACs and DSPs are 

required. These initiatives easily lead to increased costs, power consumption, system 

size and complexity. Even field programmable gate arrays (FPGA) based digital 

controllers suffer from the similar problems. Over the past few years, field 

programmable analog array (FPAA) controllers have been used to successfully 

control various physical processes [26-28]. Based on switched capacitor technology, 

FPAA is an integrated circuit and uses configurable analog blocks for implementing 

various analog functions. The interconnected network can be programmed using 

on-chip memories. For instance, an Anadigm® FPAA QUADAPEX development 

board [29] allows to process and control complex analog signals and functions, and it 

can provide broad bandwidth, and thus eliminate/reduce the shortcomings of the 

digital processors. 

This paper proposes a high-speed flexure-based XYZ scanner driven by 

piezoelectric actuators. The mechanical design optimization has been conducted to 

obtain high resonance frequencies and low cross-coupling effects in the actuation 

directions. The developed scanner consists of a parallel kinematics XY stage and a Z 

stage mounted on the central moving platform of the XY stage. Detailed parameter 

design and analysis have been performed to improve static and dynamic performance 

of the scanner. Finite element analysis (FEA) was utilized to validate the theoretical 

modeling and computational results. The prototype of the scanner has been 

constructed based on optimized results, and a number of experimental studies 

conducted to validate the established models and the performance of the developed 

scanner. In order to improve the tracking accuracy of the scanner, a 

feedforward/feedback hybrid control strategy has been proposed to eliminate/reduce 

the hysteresis of PZTs. FPAA was used to implement the control algorithms. Based 

on the developed scanner and FPAA controller, a compact, miniaturized and 



integrated home-made AFM has been proposed. Using hybrid control strategies, high 

speed scanning has been conducted to measure the surface topography of standard 

grating. It is noted that the home-made AFM has the capability for high speed 

imaging and characterisation. 

The remainder of this paper is organized as follows. Section 2 introduces the 

mechanical design of XYZ scanner. Section 3 provides the model verification and 

prototype development. In Section 4, a control scheme is proposed and implemented 

for the scanner, in order to improve tracking performance. A home-made AFM is 

developed and high speed imaging is performed in Section 5. Conclusions are 

provided in Section 6. 

2. Mechanical design 

2.1 Conceptual design 

The conceptual design of the XYZ scanner is conducted to obtain high resonance 

frequencies and low cross-coupling errors between actuation directions. Based on a 

hybrid kinematics mechanism, the scanner mainly consists of a planar parallel XY 

stage and a vertical Z stage which is serially mounted on the moving platform of the 

XY stage. Three PZTs are utilized to drive the flexure based mechanism as shown in 

Fig. 1. In order to eliminate/reduce the mutual influences in the X and Y directions, 

two identical flexure based kinematic chains are arranged in the X and Y axes, and 

thus guarantee uniform characteristics of the moving platform. The schematic 

diagram of the decoupled XY stage is shown in Fig. 2(a). The moving platform is 

connected to four linkages through four parallel flexure mechanisms (three leaf-spring 

hinge), and the four linkages are connected to the frame through another eight parallel 

flexure mechanisms (two leaf-spring hinge). The Z stage (as shown in Fig. 2(b)) can 

be mounted on the moving platform with four bolts. The moving part of the Z stage is 

connected to the frame through four leaf-spring hinges with a separation angle of 90°. 

Thus the moving part of Z stage can move vertically without cross-coupling with 

other axes. Due to the hybrid kinematics mechanism, the moving part of the proposed 

stage can move in the X, Y and Z directions for the application of AFM scanning. 



 

Figure 1. Exploded view of the proposed scanner 

       

   (a) XY stage                     (b) Z stage 

Figure 2. Schematic diagram of the flexure-based scanner 

2.2 Theoretical modelling and analysis 

In order to maintain the contact state and avoid separation between the PZTs and 

the flexure mechanism during positioning tasks, preloads for the PZTs are applied and 

adjusted through fine preloading screw. For simplicity and without loss of generality, 

only the kinematics chain in the Y direction is considered. As shown in Fig. 3(a), the 

PZT contacts with the parallel flexure mechanisms through the preload Fpre. From 

dynamics point of view, the model of the piezo-driven flexure mechanism can be 

considered as a damped mass and spring system and shown in Fig. 3(b), where kpzt is 

the stiffness of PZT, kc is the equivalent contact stiffness, and Ky is the equivalent 

stiffness in the Y direction of scanner. Due to the presence of the parallel flexure 

mechanisms and preload, the output displacement of the moving platform is smaller 
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than the nominal displacement of the PZT. The steady-state displacement of the 

moving platform in the Y direction can be represented by: 
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where y is the output of the moving platform in the Y direction, and s is the nominal 

displacement of the PZT. When the preload is determined, the displacement of the 

stage is directly dependent on the output characteristics of the PZT. This indicates that 

the output accuracy of PZT will determine the positioning accuracy of the scanner. 

        

 (a) Schematic diagram              (b) Damped mass spring model 

Figure 3. Schematic diagram and dynamic model of the piezo-driven flexure-based machanism 

Based on the Newton’s second law of motion, the differential equation for 

dynamic motion of the XYZ scanner is given as follows: 
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  (2) 

As mentioned previously, the flexure hinge is an important component and has a 

close relationship with the natural frequencies of the scanner. From Equation (2), it is 

noted that the stiffness Ky is one of the key factors to determine the resonance 

frequency and the output displacement in the actuation direction. Thus, the stiffness of 

the hinge is the primary consideration for the mechanical design of the scanner. 



 

Figure 4. A single leaf flexure hinge 

The stiffness of individual flexure was derived using strain energy method [30] 

and Castigliano’s second theorem [31]. As shown in Fig. 4, the compliance matrix of 

a leaf flexure hinge can be defined as: 
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           (3) 

where C11 = l/AE, C22=l3/3EI + αl/GA, C23 = l2/2EI, C33 = l/IE, C44 = 4l3/Eb3t + αl/GA, 

C45 = 6l2/Eb3t, C55 = 12l/Eb3t, and C66 = l/GJ, t, b, and l are the thickness, width and 

length of the leaf flexure hinge, respectively, A, I and J are the cross-sectional area, 

the moment of inertia and polar moment of inertia of the hinge, respectively, E and G 

are the Young’s modulus and the Shear modulus, respectively. α is a shape factor for 

the cross-section (for rectangular cross-section α= 6/5). 

Accordingly, the flexure displacement in the Y direction due to the applied force 

Fy and the moment Mz= -Fyl/2 can be calculated: 

22 23 22 23 2y z y yy C F C M C F C F l                   (4) 

3 2

3 2 2
y

l l l l
y F

EI Gbt EI

 
    
 

                 (5) 

Thus, the actuation stiffness is 
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Similarly, the displacement of the leaf flexure in the vertical Z direction is 
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Thus, kz can be obtained as 
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Therefore, the total actuation stiffness Ky and out-of-plane stiffness Kout of the XY 

stage can be calculated: 
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Similarly, the total actuation stiffness Kz of the Z stage can be derived as 
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Therefore, during the design, l and b are first parameters determined according to the 

requirement of the mechanical design. Since the hinges must be located inside the 

small and compact scanner, all dimensional parameters should consider the size and 

arrangement issues. Furthermore, it should also consider the specification of the 

required working range of the scanner. A key design specification for a high-speed 

scanner is a higher resonance frequency, and thus broad bandwidth is achieved by 

increasing the stiffness of the flexure mechanism. However, this will inevitably result 

in the reduction in the motion range. Therefore, it is necessary to have tradeoff 

between the resonance frequency and motion range of the scanner. Based on the 

design requirements, manufacturing capability and repeatability, the dimensional 

parameters can be determined as follows: t = 1 mm, l = 8 mm, b = 20 mm (the XY 

stage), and t = 1 mm, l = 3.5 mm, b = 2.9 mm (the Z stage). Substituting these values 



into Equations (10), and (11), the stiffness Ky, Kout and Kz can be calculated and 

plotted as shown in Fig. 5. 

 

(a) Stiffness Ky                         (b) Stiffness Kout 

 

(c) Stiffness Kz 

Figure 5. Relationship between stiffness Ky, Kout, and Kz and the flexure hinge parameters 

3. Model verification and prototype development 

3.1 Model Verification 

In order to validate the established models and obtain further insights into the 

static and dynamic characteristics of the developed scanner, finite element analysis 

(FEA) was conducted using ANSYS software package. The scanner is fabricated 

using Aluminum 7075-T6 with a density of 2,770 kg/m3, a Young’s modulus of 

71GPa, a Poisson’s ratio of 0.34 and a yield strength of 434 MPa. In order to improve 

the computational accuracy, mapping mesh method is utilized and strictly controlled 

and refined in the areas of flexure hinges and PZTs, where the large deformation  

generally occurs (shown in Fig. 6). 



 

Figure 6. Finite element model of the scanner. 

In order to investigate static characteristics of the scanner, the FEA was 

conducted by applying a displacement at the moving platform in the three working 

directions. With an applied 8µm displacement, the computational deformation and 

stress results in the X direction are illustrated in Fig. 7. It can be seen that the 

generated stress is much smaller than the material allowable stress. Thus, the 

maximum reachable workspace is determined by the material allowable stress and can 

be obtained as 135 × 135 × 154 µm3 through the FEA. It is noted that the linear 

stiffness without PZTs installed are 27.39 N/μm, 27.65 N/μm, and 10.41 N/μm in the 

X, Y and Z directions, respectively. However, the out-of-plane stiffness of the XY 

stage is a key factor for determining its capacity of resisting disturbance in the vertical 

direction. The computational analyses show that an out-of-plane stiffness of 181.2 

N/μm can be achieved. Thus, the out-of-plane stiffness of the central moving platform 

of the XY stage is larger than that of the Z stage. Further, comparison of the results of 

theoretical and computational analyses, it is noted that the analytical models generate 

relatively large deviations in stiffness prediction due to the model simplification and 

over-constraining of the flexure mechanism. 

To further examine the dynamic performance of the developed scanner, modal 

analysis has been conducted using FEA. During the simulations, PZT was considered 

as the actuation element with a constant stiffness. One end of the actuator was fixed 

and the other end was attached to the input point of the flexure mechanism. The 

modal analysis results reveal that the first three natural frequencies of the scanner are 

6,886.04 Hz, 6,887.13 Hz, and 29,464 Hz, respectively. As shown in Fig. 8, the mode 



shapes of the first two natural frequencies are the translations along the X and Y 

directions, and the third one is the translation of the moving platform along the Z 

direction. The similar values of the first two natural frequencies imply that the XY 

stage has almost identical dynamic characteristics in the X and Y directions. The 

computational results confirm that the scanner has three translational degrees of 

freedom and the first lateral resonance frequency of 6.8 kHz is approximately eight 

times higher than that of traditional piezoelectric tube, and thus it can provide a broad 

bandwidth for the application of high speed scanning. 

 

Figure 7. Finite element result of the scanner 

        

(a) X-axis: 6886.04 Hz           (b) Y-axis: 6887.13 Hz         (c) Z-axis: 29464 Hz 

Figure 8. Modal analysis of the scanner with PZTs 

3.2 Prototype development and experimental studies 

The developed prototype of the scanner is shown in Fig. 9. The top and bottom 

surfaces were fabricated by face milling to guarantee the parallelism. Artificial aging 

treatment was utilized to release the residual stress. Computer numerical control 

(CNC) assisted wire electrical discharge machining (WEDM) technique was utilized 



to manufacture all the flexure structures. During the WEDM fabrication process, low 

feed rate was selected to guarantee the machining accuracy, and a fabrication 

tolerance of 2 μm was achieved. The XY stage and Z stage were separately fabricated 

and assembled together using bolted connections to form the XYZ scanner.  Based 

on Equation (1), it is noted that the output displacement of the moving platform will 

be less than the nominal displacement of the PZT due to the stiffness of the flexure 

hinges. The FEA results also suggest that the PZT should be chosen as to ensure an 

effective motion range, and thus meet the requirements of the scanning tasks. The 

PZT (model: PZS001 6 mm × 7 mm × 20 mm, from THORlabs, Inc.) was selected to 

provide a nominal displacement of 17.4 μm and resonance frequency of 69 kHz. The 

piezoelectric amplifier was chosen as the THORlabs (MDT693A) with the gain of 

7.5~15. 

 
Figure 9. Manufactured prototype of the XYZ scanner. 

The output motion of the scanner in each axis was measured by PI (D510.021) 

single-electrode capacitive sensor with a measurement range of 20 μm and a 

resolution of 0.2 nm. The PI (E-509.E03) amplifier was utilized to modulate and filter 

the raw measurement data. The command signal of the motion and the data 

acquisition tasks were implemented using a NI acquisition card USB-6251 via the 

Labview interface. The entire experimental investigation was conducted on a Newport 

RS-4000 vibration isolation table in order to reduce the external disturbances. 

The effective motion range and cross-coupling effects of the scanner in the three 

directions were examined through a number of experiments. By applying a sinusoidal 

command signal (frequency 1 Hz and 150 V p-p) to the PZT in the X (Y or Z) axis, 



the moving platform of the scanner will be actuated to translate along the X (Y or Z) 

direction. Then, the displacement in the three axes were simultaneously measured to 

determine the motion range and crosstalk among the three directions. The 

experimental testing under open loop control has been conducted and the measured 

results are shown in Fig. 10. It is worth noting that the proposed scanner has 

approximately the effective workspace of 8.66 × 8.4 × 10.6 µm3. The actual output 

displacement of the scanner is smaller than the nominal displacement of PZT (17.4 

µm). This is due to the presence of the flexure hinge mechanisms and preload for 

PZTs. The actual steady-state displacement of the scanner is in agreement with the 

result of theoretical Equation (1). In addition, it can be seen that the maximum 

coupling effect is 1.8 % between the three working axes. These are mainly due to the 

manufacture and assembly errors, and the preload induced asymmetry of the flexure 

structure. It is noted that from Fig. 11(a), (c) and (e), there obviously exists hysteresis 

in the output displacement of the three axes. Both the cross-coupling effects and 

hysteresis errors will generally affect the positioning accuracy of the scanner. In order 

to reduce/eliminate the nonlinearity and cross-coupling errors, and thus improve the 

performance of the proposed scanner, a closed-loop feedback and compensation 

control scheme will be developed and presented in the Section 4.1. 

The resolution of the developed scanner has been examined and shown in Fig. 11. 

The resolution is determined by the noise level of the entire electromechanical system 

and the performance of the D/A converter. By strictly controlling the noise level and 

increasing the resolution of D/A converter, the resolution of the scanner can be further 

improved. In the current design, 16 bit D/A converter was utilized in the control 

system. The corresponding resolutions of the developed scanner are 7 nm, 7 nm, and 

5 nm in the X, Y and Z directions, respectively. If the noise level can be further 

reduced, thus higher resolution can be obtained. 



 

(a) Motion range of X-axis            (b) Corresponding coupling errors of Y and Z axes 

 

(c) Motion range of Y-axis           (d) Corresponding coupling errors of X and Z axes 

 

(e) Motion range of Z-axis              (f) Corresponding coupling errors of X and Y axes 

Figure 10. Results of the motion range and cross-coupling effects 



  

(a) Resolution in the X-axis                     (b) Resolution in the Y-axis 

 

(c) Resolution in the Z-axis 

Figure 11. Resolution in the X, Y, and Z axes of the developed scanner 

4. Controller design and implementation 

The controller schematic diagram and experimental setup are illustrated in Fig. 

12. To measure the displacement of the PZT, four strain gauges were attached on each 

of the actuator to form a full Wheatstone bridge. The strain of the actuator was 

measured and processed with a Dynamic Strain Gauge amplifier (SDY2105). To build 

a compact high-speed scanner, the PI (D510.021) single-electrode capacitive sensors 

were only used for measurement and calibration of the scanner, and were replaced 

with the full bridge strain gauges when the scanner was installed in the home-made 

AFM. This indicates that a semi-closed loop feedback will be utilized in the high 

speed AFM. The implementation of the control algorithm was carried out by an 

Anadigm® FPAA QUADAPEX development board (four AN231K04) which is based 

on integrated switched capacitor technology. The FPAA based controller was 



implemented directly for analog signals, unlike digital controller where the signals 

need to be sampled and quantized using A/D converter before sending to DSP 

processor. This conversion and quantization will inevitably affect the speed and 

accuracy of the control system. Thus, the FPAA based technique is equivalent to a 

direct analog implementation of the controller and allows for a broad bandwidth 

operation. The analog arrays are made of switched capacitors with switching 

frequencies up to 16 MHz, which reduces/eliminates the effects of sampling and 

quantization. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Experimental setup of the XYZ scanner. 

4.1 Controller design 

Due to the hysteresis and creep of PZT, the relationship between the applied 

voltage and the output displacement of PZT is nonlinear, as shown in Fig.10. In order 

to reduce the hysteresis effect, many models have been developed to describe the 

nonlinearities [32-36]. The Bouc-Wen model is one of such kinds of hysteresis 

models to describe the hysteresis loop [37, 38]. The governing equation of the 

Bouc-Wen model is given as: 

               (12) hVchVbVadh pztpztpzte
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where a, b and c are the parameters to determine the shape of the hysteresis loop, h is 

the hysteresis variable. These parameters can be identified based on the experimental 

study and the nonlinear least square fit method. 

The block diagram of the control system with hysteresis compensation is shown 

in Fig. 13(a). The inverse Bouc-Wen model can be cascaded to the physical system as 

a feedforward controller for the hysteresis compensation. In order to improve the 

robustness and stability of the developed scanner, a feedback controller is essential to 

reduce the effects of external disturbances and the unmodeled errors. Therefore, a 

proportional-integral (PI) controller was employed to form a hybrid feedforward 

-feedback controller for the developed scanner. The schematic diagram of the hybrid 

controller isillustrated in Fig. 13(b). The implementation of the proposed hybrid 

control algorithm was implemented through FPAA development kit with 16 MHz 

oscillation module. Fig. 14 shows the circuit diagram developed using 

AnadigmDesigner® software, which will be downloaded to the FPAA board for the 

hybrid feedforward/feedback control for the scanner.   

 

 

 

 

(a) Hysteresis compensation 

 

 

 

 

 

 

 

(b) Hybrid feedforward/feedback control 

Figure 13. Block diagram of control system for the developed scanner 
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Figure 14. Implementation of the hybrid control on the FPAA 

Based on the hybrid controller, the trajectory tracking of the developed controller 

was examined to validate the performance of the control strategy. As shown in Fig. 15, 

a sinusoidal trajectory with the amplitude of 4 μm and frequency of 10 Hz was 

utilized to investigate the tracking performance in the X direction. Compared with Fig. 

10(a), it is noted that the feedforward controller can effectively reduce the hysteresis 

and improve the linearity, as shown in Fig. 15(a). The tracking performance can be 

further improved using the hybrid feedforward/feedback controller as shown in Fig. 

15(b). In order to examine the tracking capability for complex trajectory, a command 

signal generated from multi-frequency sinusoidal superposition was utilized to drive 

the developed scanner. The tracking performance was evaluated and shown in Fig. 16. 

The time history shows that the scanner can exactly follow the command signal and 

the maximum tracking error is approximately 70 nm. The relationship between the 

input and the output is approximately linear, and thus hysteresis has been significantly 

reduced and/or eliminated. These experimental  results validate that the developed 

Input 
Strain 

Output 



hybrid controller has excellent characteristics for the applications in piezo-driven 

scanner. 

 

(a) Feedforward control              (b) Feedforward/feedback control       

Figure 15. Results of sinusoidal trajectory tracking in the X axis of the controller 

 

(a) Time history of the scanner          (b) Relationship between input and output  

Figure 16. Complex trajectory tracking in the X axis of the controller 

4.2 Trajectory tracking of the XYZ scanner 

To examine the tracking ability of the XYZ scanner under the hybrid control 

method, a number of trajectory tracking experiments were conducted. Fig. 17 shows 

the experimental results for the triangle wave trajectories. For the X and Y axes, three 

triangle wave trajectories with the same amplitude of 5 μm and frequencies of 10 Hz, 

20 Hz and 50 Hz were utilized. As shown in Fig. 17 (a-f), the maximum tracking 

errors under the command signal of the frequency of 50 Hz are less than ±0.15 μm, 

indicating the relative error is less than 3%. Fig. 18 (a-c) shows the tracking results of 

the Z axis for the three triangle wave trajectories. It is noted that the maximum 



tracking errors are ±0.038 μm, ±0.056 μm and ±0.12 μm under the frequency of 10 Hz, 

20 Hz and 50 Hz. This indicates that relative displacement errors are as small as 

0.76%, 1.12 % and 2.4 %. With consideration of the requirements for Z axis, the 

measured surface profile need to be tracked, and thus the complex trajectory tracking 

capability should be examined. Fig. 18(d) shows the tracking characteristics of the Z 

axis for the signal of multi-frequency sinusoidal superposition. It is noted that the 

maximum tracking errors is ±0.04 μm, which indicates that the scanner has the 

capability to track complex signals with high accuracy. 

  

 (a) X-axis: 10 Hz                       (b) X-axis: 20 Hz 

 

   

(c) X-axis: 50 Hz                      (d) Y-axis: 10 Hz 



  

 (e) Y-axis: 20 Hz                       (f) Y-axis: 50 Hz 

Figure 17. Tracking results in the X and Y axes of the developed scanner 

  

 (a) 10 Hz                              (b) 20 Hz 

  

         (c) 50 Hz                      (d) Complex trajectory 

Figure 18. Tracking results in the Z axis of the developed scanner. 

In order to investigate the scanning capability of the scanner within the entire 

workspace, a series of triangle wave trajectories with different amplitudes and same 

frequencies of 50 Hz were applied to the X, Y and Z axes. The tracking errors are 



obtained and shown in Table I. It is noted that the maximum relative errors of the X, 

Y and Z axes are respectively 5.1%, 5.6% and 4.3% for 0.4 μm amplitude command 

signal. The relative errors reduce with the increasing of the amplitude of the command 

signals. This indicates that the nonlinearity of the PZT has been significantly reduced 

with the aid of the hybrid feedforward/feedback controller. 

Table I. Tracking errors of the scanner 

Displacement (μm) 
Maximum Error 

X-axis Y-axis Z-axis 

0.4 5.1% 5.6% 4.3% 

0.8 4.3% 4.5% 3.6% 

1 3.2% 3.5% 2.1% 

3 2.8% 3.1% 2.3% 

7 3.1% 3.3% 2.8% 

5. AFM imaging 

Based on the developed scanner, a home-made AFM has been proposed for high 

speed imaging. The 3 dimensional model of the AFM is shown in Fig 19. A 3-axis 

motion stage (MTS25-Z8, from THORlabs, Inc.) was used to implement large range 

movement and coarse positioning. The developed scanner was utilized for the high 

speed scanning and topography measurement. A laser diode was used to generate 

laser beam and the quadrant photodiodes (QP, QP50-6-18u-SD2, First Sensor) 

utilized for the displacement detection. A National Instrument (NI) control board 

(USB-6215) was used to implement the sensing, measurement and motion control of 

the developed AFM. To measure the surface profile using contact mode, the 

deflection of the cantilever remains constant by controlling the output of the Z axis of 

the scanner based on the detected displacement of cantilever. The schematic diagram 

of control system is shown in Fig. 20. The overall geometric size of the AFM is 311 × 

239 × 237 mm3 and the total weight 4.2 kg. In order to reduce the external disturbance, 



an active vibration isolation device (VAIS-BUDGET) is used to support the 

home-made AFM. The entire assembly is mounted on the optical vibration isolation 

table which will ensure the reduced noise level of the cantilever. 

In order to investigate the performance of the proposed AFM, a standard 

calibration grating (MikroMasch TGZ2) with the period of 3 μm and the height of 108 

nm was used to examine the imaging accuracy. The grating was mounted on the 

moving platform of the scanner and the raster scanning was utilized by supplying the 

scanner with pure triangular waveforms with the frequencies of 10 Hz, 30 Hz, 50 Hz, 

70 Hz and 100 Hz. The ContAl cantilever from Budget Sensors was utilized to 

provide the first resonance frequency of 13 KHz and stiffness of 0.2 N/m. The 

topographic image of the grating was constructed from the driving signal to the Z axis 

of the scanner under the PID control strategy. The X axis of the scanner is chosen as 

the fast scanning direction, and the Y axis the slow scanning direction. The hybrid 

feedforward/feedback control strategy is used in the fast scanning direction, and the 

open loop control in the slow scanning direction. 

 

Figure 19. 3D model of the home-made AFM  

3-axis motion 

stage 

XYZ 

scanner 

2-axis coarse 

positioner 

Cantilever 

holder 

QP 

Laser 

Support 

frame 



 

Figure 20. Schematic diagram of the detection and control system for the AFM 

Figure 21 shows the imags obtained with the proposed AFM. An area of 5 × 5 

μm2 of the grating was measured for a pixel resolution of 512 × 512 with line rates of 

10 Hz, 30 Hz, 50 Hz, 70 Hz and 100 Hz. It is noted that the developed AFM can 

image the grating with different scanning speeds. However, there are some artifacts 

and noises in the images. The influences of these errors will increase with the 

increasing scanning speed. In order to improve the signal fidelity, slow scanning 

should be utilized to make the tip track the surface accurately. However, high speed 

scanning is important for the live cell imaging. Therefore, it is necessary to trade off 

the scanning speed and the imaging quality. Since the raw data have been used for 

these images, the noise can be removed through signal filtering. The artifacts at the 

edges of the grating are the inherent characteristics for high aspect ratio surface 

measurement. This is due to the tip bridge and tip flight effects on the imaging of the 

surface topography. It can also be seen that the oscillations in the slow scanning 

direction is obvious due to the open loop control in the Y axis.  



The profiles along the red lines in Fig. 21 are utilized to illustrate the difference 

between the measured results under different scanning speeds, as shown in Fig. 22. It 

is noted that the height of 104 nm and the period of 3.2 μm have been identified 

through all these measurements. The measurement errors may be due to the 

calibration of the scanner and the manufacturing errors of the grating. However, the 

edge artifacts, bridging effects and noises increase with the increasing scanning speed. 

These are in agreement with the intuitional knowledge for the AFM tip-based 

imaging. 
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Figure 21. 3D images of the grating scanning 

 

 

Figure 22. Profiles at different scanning speeds 

A two dimensional sinusoidal grating (Benyan, China) with the period of 1.67 

μm and amplitude 330 nm was also utilized to examine the imaging performance of 

the developed AFM. The measured images with different scanning speeds are shown 

in Fig. 23. Compared with the images of Fig. 22, the imaging quality has been 

improved for the sinusoidal grating measurement using the same scanning parameters. 

This is mainly due to the reduction of tip flight phenomena, induced by the high 



aspect ratio surface. However, it is noted that the bridge effects and tip flight will 

affect the shape of the measured surface (shown in Fig. 24). The obtained profile has 

the flat peaks and sharp valleys compared with the normal sinusoidal profile. The 

noise level will also increase with the increasing scanning speed. 
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Figure 23. 3D images of sinusoidal grating measurement 

 

 

Figure 24. Measured profiles of sinusoidal grating at different scanning speed 

In order to examine the full range of scanning capabilities of the developed AFM, 

two small areas (3×3 μm2 and 2×2 μm2) have been scanned under the scanning 

frequency of 50 Hz, as shown in Fig. 25. The line grating image is shown in Fig. 

25(a). It is noted that the edge artifacts exists due to the tip flight and tip bridging 

effects at these sections. For the sinusoidal grating imaging (shown in Fig. 25(b)), the 

tip flight effects are significantly reduced, however, the tip bridging effects can be 

clearly over-represented due to the deep valleys of the sample. There  still exist some 

noises and errors in these images, and these may be due to the external disturbance 

and the inherent dynamics of the AFM induced by the high aspect ratio surfaces. 



 

(a) Line grating               (b) Sinusoidal grating 

Figure 25. 3D height images of small area scanning 

6. Conclusion 

The mechanical design of a  broad bandwidth flexure-based XYZ scanner has 

been investigated. Detailed parametric design has been performed, and FEA has been 

utilized to validate the static and dynamic characteristics of the proposed scanner. The 

scanner has the resonance frequencies at 6.8 kHz in the X- and Y-axes, and 29 kHz in 

the Z-axis. A number of experimental studies were conducted to examine the 

characteristics of the scanner. It was illustrated that an effective workspace of 8.66 × 

8.4 × 10.6 µm3 can be achieved and the cross-coupling errors are less than 1.8%. The 

tracking performance of the scannerwas improved using the hybrid 

feedforward/feedback control strategy. Combined with the proposed scanner and 

FPAA control technique, a simple, compact, and highly integrated AFM has been 

constructed. High speed scanning has been implemented to investigate the 

performance of the developed scanner for standard grating measurement with the 

scanning frequency of up to 100 Hz and resolution of 512 × 512 pixels. Due to the 

broad bandwidth of the scanner and the advantages of the FPAA controller which 

allows analog implementation of the control algorithm, high speed AFM scanning can 

be achieved by the developed scanner. Future research efforts will be directed towards 

implementing biaxial closed-loop control to reduce external disturbances, and broad 

bandwidth Z axis tracking strategy and trajectory planning for high speed scanning, 

and thus further improving the imaging quality. 
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