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Abstract: This study delves into the design and optimization of mobile microrobots tailored for tasks 

requiring sub-micrometer precision, addressing key challenges in the miniaturization and efficiency 

of microrobotic systems. Each microrobot is composed of a mobile platform, a manipulation unit, 

and a specialized end effector, collectively enabling them to perform a diverse array of operations 

on various surfaces. The mobile platforms provide three degrees of freedom (DOF) and can support 

loads ranging from 10 g to 500 g, with actuation based on the slip-stick principle. A novel configu-

ration of the components offers promising characteristics, notably the low voltage required to drive 

the actuators, facilitating battery integration. The manipulation unit incorporates actuators that uti-

lize a combination of electric motors and piezoelectric materials. The study reveals that ceramic-

based PZT-5H exhibits superior actuation performance, achieving significantly greater displace-

ment compared to other materials, such as PVDF. Furthermore, the research highlights the im-

portance of platform design and material selection in enhancing actuation efficiency and optimizing 

voltage application. These findings contribute to the development of more efficient manipulation 

units, emphasizing the potential for further advancements in compact and high-performance mi-

crorobots. The insights gained are critical for the ongoing miniaturization and optimization of these 

systems, particularly in precision applications where both accuracy and efficiency are paramount. 
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1. Introduction 

A revolution in engineering is unfolding with the emergence of microrobots—tiny 

technological wonders that are set to transform industries such as medicine, manufactur-

ing, and more [1]. These micro-scale machines, often smaller than a human finger, boast 

exceptional features including compactness, light weight, and cost-efficiency, making 

them ideal for tasks that are impractical or impossible for larger robots. Typically, micro-

robots have dimensions under 100 mm, ranging from just a few millimeters to a few cen-

timeters [2]. 

A major force behind the progress of microrobotics is the use of piezoelectric tech-

nology, which converts electrical energy into mechanical motion. This allows microrobots 

to move with incredible precision and agility [3]. Originally developed for micro-position-

ing in scanning tunneling microscopy, piezoelectric materials have evolved over the 

years, enabling these robots to perform complex tasks such as fault detection, rescue op-

erations, and even delicate surgeries within the human body [4]. 

One of the driving mechanisms that has enhanced microrobot performance is the 

stick-slip principle, a motion control method that fine-tunes the friction between the robot 

and its environment [5]. This allows for highly accurate movements and reduces the risk 
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of unwanted vibrations. Continuous innovations in actuator designs and excitation meth-

ods have further refined this technique, resulting in faster, more precise motion, and im-

proved load-bearing capacity. Traditionally, piezoelectric stick-slip actuators have been 

driven by sawtooth waveforms, but this approach requires high input voltages, generat-

ing excessive heat and lowering efficiency. To tackle this, Morita and his team designed a 

resonant-type actuator using multilayer piezoelectric ceramic transducers, which signifi-

cantly boosted the system’s efficiency. However, managing heat production continues to 

be a hurdle for wider applications [6]. 

To further enhance actuator capabilities, Nishimura developed a stick-slip actuator 

using a Langevin transducer made from hard-type PZT [7]. This innovation enabled high-

speed operation with a simple design. Building on this, Hunstig explored various excita-

tion modes to improve actuator output, finding that these new methods surpassed the 

traditional sawtooth waveform in terms of velocity [8]. Meanwhile, Zhang’s team intro-

duced an actuator with anisotropic friction surfaces, which prevented backward move-

ment in one direction, boosting both load capacity and movement efficiency [9]. 

Numerous prototypes based on inertial stick-slip mechanisms have since been cre-

ated. For instance, Nomura and Aoyama in 2007 developed a platform for scanning elec-

tron microscopy (SEM) that allows three-degree-of-freedom planar motion [10]. This com-

pact and lightweight platform, with high precision, showcased the potential of micro-

robots in imaging and detailed analysis. In 2000, Jiang and colleagues proposed a design 

using two piezoelectric actuators in a single direction, enhancing the performance of in-

ertial stick-slip motion [11]. Peng et al., in 2015, presented a linear actuator capable of pre-

cision positioning for dual objects, with a compact design that achieved long strokes and 

high resolutions, broadening the range of possible microrobot applications in manufac-

turing and assembly [12]. Additionally, Meyer et al. in 2005 described a slip-stick system 

for stepwise scanning, offering a simple yet reliable solution applicable in areas like mi-

crofabrication and materials testing [13]. 

Most prior research on stick-slip actuators has not focused on material optimization 

to improve actuation performance. In this current study, four different piezoelectric ma-

terials—Pb[ZrxTi1-x]O3 (PZT-5H), BaTiO3,-(C2H2F2)n- (PVDF) and PZT-4D are analyzed. 

These findings underscore the importance of selecting optimal materials for specific ap-

plications, such as medical diagnostics, environmental monitoring, and precision manu-

facturing. As microrobotic research advances, the field is poised for further innovations, 

particularly in the development of advanced materials, which will drive the creation of 

even more capable and versatile microrobots. 

2. Structure and Operating Principle 

Mobile microrobots possess the unique capability to maneuver freely across various 

surfaces, allowing them to perform a wide array of tasks. This mobility enables the robots 

to access assembly sites from different angles, enhancing their versatility. Each microrobot 

is composed of three core components: a mobile platform, a manipulation unit, and spe-

cialized end effectors. The mobile platform is designed to offer 3 degrees of freedom 

(DOF), enabling translational movement along the x-y plane and rotational movement 

around the z-axis. This movement is powered by a slip-stick mechanism [14]. 

A crucial element of the slip-stick motion platform is the guiding mechanism. When 

a voltage is applied to the piezoelectric actuator, it induces displacement and force, which 

are transferred to the guiding mechanism to move the platform. 

Figure 1 illustrates the working principle of the piezoelectric stick-slip actuator, 

which is driven by a sawtooth wave voltage. The following steps summarize the operating 

process: 

Step 1: Initially, the piezoelectric stack remains at its natural length with no voltage 

applied. Both the slider (depicted in green) and the frictional rod (in blue) remain station-

ary. 
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Step 2: As the external voltage is gradually applied from time t0 to t1, the slow defor-

mation stage of the sawtooth wave begins. The stator slowly powers up and extends. Due 

to static friction, the slider moves in tandem with the stator during this phase. 

Step 3: During the rapid deformation stage (t1 to t2), the stator quickly loses power 

and retracts to its original position. In this phase, the slider slips against the stator due to 

inertia, moving a small distance backward. Kinetic friction between the slider and the fric-

tional rod causes this reverse movement. Repeating these steps produces continuous step-

ping motion, resulting in an overall effective displacement, xS. 

 

Figure 1. Working Mechanism of the Stick−Slip Actuator. (a) Schematic representation of the saw-

tooth excitation waveform. (b) Step−by−step depiction of the actuator’s operation. 

3. Results and Discussion 

The stick-slip actuator operates using a sawtooth signal to drive the mobile platform. 

The manipulation unit integrates actuators that combine electric motors and piezoelectric 

materials. The performance of the platform actuator, however, relies heavily on the qual-

ity of the piezoelectric stack, with the material composition being a critical factor. To op-

timize the material selection for the best actuation performance, finite element analysis 

(FEA) is commonly employed in structural design and performance evaluation. In this 

study, COMSOL Multiphysics 6.2 is used for the FEA analysis. 

For mobile platforms with dimensions ranging from 10 to 20 mm, the piezoelectric 

stacks need to be tailored to different load capacities. For larger platforms supporting 

loads of up to 500 g, the stacks typically have dimensions of 2–3 mm in length and width. 

Smaller platforms, which handle loads up to 50 g, use stacks with dimensions between 1–

2 mm. The thickness of these stacks ranges from 1–2 mm for larger platforms and 0–1 mm 

for smaller ones. To achieve a balance suitable for platforms handling up to 500 g, a pie-

zoelectric stack with dimensions of 2 mm in length and width and 1 mm in thickness was 

selected for the analysis. 

Figure 2a presents the meshed piezoelectric stack, consisting of tetrahedral elements 

with 7,048 domain elements. This study examines four different piezoelectric materials—

PVDF, PZT-5H, BaTiO3, and PZT-4D—to determine the best actuation performance under 

a fixed applied voltage. For a sawtooth signal input with an amplitude of 20 V, as shown 

in Figure 1a, the resulting displacement or actuation is illustrated in Figure 2b, where PZT-

5H was used. The material properties of the tested materials are summarized in Table 1. 

Table 1. Stiffness and Piezoelectric Properties of Various Piezoelectric Stack Materials [15,16]. 

Material (Stiffness 

Properties 
11

ES
 

12

ES  
13

ES  
33

ES  
44

ES  
66
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PVDF 378 −148.2 −172.4 1092 1110 1428 

PZT-5H 16.5 −4.78 −8.45 20.7 43.5 42.6 

BaTiO3 8.05 −2.35 −5.24 15.7 18.4 8.84 

PZT-4D 13.3 −4.76 −6.2 16.8 42 36.1 

Material (Piezoelectric 

Properties  15d  
33d  11

0

T



 33

0

T



 

PVDF 13.58 0 −33.8 7.74 7.74 

PZT-5H −274 741 593 3130 3400 

BaTiO3 −34.5 392 85.6 2920 168 

 

Figure 2. (a) Meshed cross-section of the piezoelectric stack. (b) Displacement output of PZT-5H in 

response to a sawtooth signal over time. 

Figure 3 illustrates the impact of material selection on the actuation performance of 

the mobile robot platform, with a fixed 20 V saw tooth wave applied. Among the materials 

tested, PVDF exhibited the lowest actuation, while PZT-5H achieved the highest displace-

ment of 61.73 µm. In fact, PZT-5H produced 16.6 times more actuation than PVDF and 

more than twice that of the second-best material, PZT-4D. Although PVDF is a flexible 

polymer, it delivers limited actuation due to its significantly lower piezoelectric coeffi-

cients compared to ceramic-based PZT-5H. The superior performance of PZT-5H is 

largely attributed to its remarkably high d₃₁ and d₃₃ coefficients, which not only enhance 

actuation but also make it ideal for energy harvesting applications. 

Figure 3b further demonstrates the positive linear relationship between the applied 

voltage and the displacement generated by the mobile robot platform, showing that as the 

saw tooth voltage increases, the corresponding actuation displacement increases propor-

tionally. This analysis is crucial for optimizing the selection of novel piezoelectric stacks 

in mobile robots, as it directly impacts their actuation performance. These insights can 

guide the design of more efficient and effective actuation systems for future mobile robotic 

platforms. 

31d
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Figure 3. (a) Actuation performance comparison of various piezoelectric materials. (b) Actuation 

response of PZT-5H material as a function of applied voltage. 

4. Conclusions 

This study underscores the critical role of material selection in optimizing the actua-

tion performance of mobile microrobots. By utilizing a piezoelectric stick-slip actuator 

powered by a sawtooth voltage signal, the microrobot platform achieves high mobility, 

enabling precise movement and versatility in various applications. The analysis highlights 

the superior performance of ceramic-based PZT-5H, which outperformed other materials, 

including flexible PVDF, by providing the highest displacement output of 61.73 µm. The 

exceptionally high piezoelectric coefficients (d₃₁ and d₃₃) of PZT-5H make it ideal not only 

for enhanced actuation but also for potential energy harvesting applications. The finite 

element analysis conducted provided crucial insights into how material properties and 

structural dimensions affect actuation performance. The study demonstrated a positive 

linear relationship between applied voltage and displacement, reinforcing the importance 

of selecting high-performance piezoelectric materials for mobile robot platforms. These 

findings are vital for developing more efficient actuation systems, ultimately paving the 

way for advanced mobile robotic applications with improved precision and functionality. 

The results offer a pathway for future research into novel piezoelectric stack designs that 

optimize actuation and energy efficiency, supporting the development of next-generation 

mobile microrobots. 
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