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ABSTRACT 
The sAFAM is a novel mm-size microrobot built using 

MicroElectroMechanical Systems (MEMS) technology. It 
consists of a monolithically fabricated microrobotic arm 
assembled onto four in-plane actuators, capable of moving along 
four degrees of freedom, including translational movement in X 
and Y axes as well as pitch and yaw. In this paper, several design 
modifications were proposed to increase movement precision, 
stability, and controllability to the sAFAM tip. An interface is 
developed to assist a human operator accurately position the 
microrobot tip during nano-object handling.  A Python-based 
graphical user interface (GUI) was programmed to make it 
intuitive for an operator to use and obtain required tip precision 
under a microscope. Experimental results demonstrate the 
functionality of the proposed control solution, and the tip motion 
resolution using microscope images of the microrobot tip under 
20x magnification during operation. The hardware and software 
requirements for the proposed experimental setup and control 
platform are discussed in detail.  
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1. INTRODUCTION 
      Manipulation of micro-nano scale objects in a precise, 
controlled, and repeatable way has been a major obstacle in the 
field of nanotechnology. While piezo-based nano-positioners 
offer excellent resolution and repeatability, they are often bulky 
and unsuitable in limited workspace [1, 2]. Microscopic robots 
and robotic arms, capable of moving in multiple degrees of 
freedom, with sufficient range of motion could ameliorate this 
problem significantly. Many ideas of microscopic robots [2-7] 
have been developed and demonstrated over the last decade by 
utilizing solar, laser, piezo, magnetic and ultrasonic energy as the 
source of actuation. Over time the manipulation precision of 
these microrobotic tools has increased, while size of these 
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robotic structures has continuously decreased [8, 9].  Fabrication 
process of such microrobots has many challenges. 
Microelectromechanical systems (MEMS) technology has been 
a key solution for fabrication of microrobot components [10, 11] 
and development of automated microscale devices, for in-situ 
probing of nano/microscopic objects inside the Scanning Elctron 
Microscope (SEM) [12, 13]. Tsui and Geisberger in [14, 15] have 
proposed snap-fastener style MEMS coupled devices via 
microassembly, also known as the  Zyvex connector. This 
connector makes it possible to build microrobot arms capable of 
3D positioning by using 2 ½ D MEMS components fabricated 
on a plane Silicon wafer.  
      
 The articulated four axes microrobot (AFAM) has been first 
proposed by Murthy et al [16] by taking advantage of the Zyvex 
connector implemented in a 𝟏𝟎𝟎 µ𝒎 thick Silicon on Insulator 
(SOI) wafer using MEMS technology. The workspace of AFAM 
[17] was measured to be 𝟓𝟎𝝁𝒎 ×  𝟓𝟎𝝁𝒎 for translational 
motion in 𝑿 and 𝒀 directions and 𝟕𝟎𝝁𝒎 in the Z direction 
corresponding with the robot pitch. The footprint of this robot 
was smaller than 𝟑𝒎𝒎 𝒙 𝟏. 𝟓𝒎𝒎 𝒙 𝟏𝒎𝒎. The out of plane 
pitch and yaw motions were accomplished with the help of a 
Copper wire bonded to the microrobot tip and electrothermal 
actuator banks to transmit in-plane motion.  
   

 Additional refinements to the original AFAM lead to the 
sAFAM [18, 19], for which we removed the Copper cable 
transmission, and replaced it with a monolithically fabricated 
serpentine spring. This design offered many improvements in 
terms of the fabrication process, assembly, and reliability of 
operation. These modifications resulted in a reduction of 
workspace of sAFAM to 𝟏𝟔𝝁𝒎 × 𝟐𝟎𝝁𝒎 × 𝟏𝟏𝟖𝝁𝒎, with an 
improvement of resolution and repeatability to 𝟐𝟎 𝒏𝒎.  
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The demonstrated capabilities of the sAFAM in our earlier 
publications potentially enable realization of the manipulation 
tasks on nano/microscale. But this particular application requires 
development of the control solutions allowing precise operation 
in different environments and at different scales, e.g., during in 
situ SEM operation or while from the samples are under an 
optical microscope. In our current version of sAFAM (Figure 1, 
A) we propose additional design modification to improve 
accuracy, reliability and to reduce the operation complexity of 
the overall robot. Here we demonstrate custom control solution 
allowing remote manipulation of sAFAM by a human operator. 
Our control system consists of manual controller (joystick), 
Python based graphic user interface (GUI), and custom control 
system. Operators can drive the sAFAM with the help of GUI or 
a programmed gaming Joystick. Based on the direction of 
joystick motion, a combination of 4 electrothermal actuators will 
be engaged to drive the sAFAM’s end effector in different 
directions within its workspace. We evaluate the performance of 
the microrobot tip motions under joystick control in the context 
of potential future application for nano/micromanipulation tasks. 
  

The reminder of this paper is organized in the following 
order: in Section 2, we describe our microrobot (design, 
fabrication, assembly), control system and its tools. In section 3 
we present the software implementation for the GUI and joystick 
control. Then in section 4 and 5 the experimental setup and 
methods are explained along with the results on joystick 
resolution and sAFAM displacements and repeatability. Section 
6 includes discussion of the experimental results. Finally, we 
conclude the paper and discuss future work.  

 

 

 

  

 

 

2. DESCRIPTION OF SYSTEM HARDWARE 
In this section, the design of the hardware setup will be 

discussed in detail for both the sAFAM microrobot, and its 

control platform design. 

 

2.1 DESIGN, FABRICATION AND ASSEMBLY of 
SAFAM 

The sAFAM is comprised of two major components: an 

assembled monolithic arm and the two electrothermal actuator 

banks arranged in-plane of the die (Figure 1). These two parts 

are assembled with the help of a MEMS “Zyvex” snap-fastener 

connectors shown in Figure 2. There are four “chevron” 
electrothermal actuators (two per each bank) identified as A, B, 

C, and D, as shown in Figure 1. One thermal actuator consists of 

two sets of 5 beams attached to the shuttle and anchored by two 

electrode pads. For example, the actuator A is anchored by pads 

2 and 3 (Figure 1). When the thermal actuator is engaged with a 

voltage, due to Joule-heating, the temperature of the actuator 

beams increases, resulting in a pushing motiondue to thermal 

expansion. To achieve the 4 degrees of freedom, the actuation 

direction of actuators A and C are aligned with the X-axis, while 

B and D are aligned with the Y-axis. The arm employs a two-

spring system to couple the in-plane actuator motion onto its end-

effector. The thin beam spring is stiffer along its longitude while 

softer toward latitude directions. As a result, when actuator A is 

engaged, the thin beam spring pushes forward and the serpentine 

spring bends like a pivot to allow the end-effector to generate a 

downward pitch motion. Similarly, actuator C generates upward 

pitch motion. B or D individually generates yaw motion towards 

left or right. Combining A and C generates forward translation, 

while B, D combination generates leftward translation. 

 

 

 

 

Microrobot versions 

AFAM [16,17] 
1st version of sAFAM 

[18,19] 
2nd version of sAFAM (this study) 
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Length of  

Robotic arm 

(cantilever) 

1300 µm 2954 µm 3419 µm 

Shuttle 

(Zyvex micro 

snap-fastener) 

 Spring bank arrangement (passive springs): pair 

of supporting springs attached to the side of 

shuttle (Fig 1, B) 

 Shuttle and shuttle beam connected (Fig 1, B) 

 Spring bank arrangement (passive springs): 4 

supporting springs attached to each corner of 

shuttle (Fig 1, C) 

 Decoupling of shuttle and beam (Fig 1, C) 

Pitch and yaw 

motion realization 

Copper wire assisted 

motion of the end 

effector. 

Cable removed and motion coupling is realized with monolithic 
micromachined silicon arm (Fig 1, A). 

TABLE 1: AFAM/SAFAM DESIGN EVOLUTION (FIGURE 1). 





 4 © 2019 by ASME 

 
FIGURE 2: ZYVEX SNAP-FASTENER, SOCKET AND TIP 

JAMMER 

 

sAFAM is fabricated in the cleanroom with standard MEMS 

fabrication process. It starts with a silicon-on-insulator (SOI) 

wafer with 100μm device layer with 0.01-0.02 Ohm-cm 

resistance, 2μm of buried oxide (BOX) layer, and 500μm handle 

layer. It is cleaned by RCA process to remove any potential 

contamination and ambient oxidation. Chrome and gold are 

sputtered under 300W DC sequentially; the chrome promotes 

adhesion between gold and silicon. The first photolithography 

defines the pattern of contact pads and the metal are processed 

by gold and chrome etchant, respectively. The body pattern of 

the microrobot is defined by the second photolithography 

process and carved by the subsequent deep reactive ion etching 

(DRIE) process. Eventually, the wafer is diced, and selected dies 

are cleaned and released by vapor HF etcher. 

 

The assembly process is performed with our in-house 

microassembly station NEXUS. It has two sets of motorized 

stages. A vacuum-secured sample chuck which holds the silicon 

samples is mounted on top of the first set of manipulators (M1) 

with X, Y and θ motion. On the side, the second set of 

manipulators (M2) offers motorized X, Y, Z, θ, and manual X, Y 
motion. To assemble the microrobot, we need another piece – the 

jammer, which is also fabricated on the same wafer, shown in 

Figure 2. The jammer is firstly adhered onto M2, through 

microscopic vision feedback, the operator aligns the jammer 

with the Zyvex plug located on the arm and pick it up. Again, the 

arm is rotated by 90° to be perpendicular to the in-plane thermal 

actuator socket, then the jammer pushes down the arm and the 

arm will be temporarily assembled with the thermal actuators. 

Lastly, we use M2 to apply UV adhesive to the joints to 

permanently fix the arm with the thermal actuators. Once the 

adhesive is cured by UV light, the sAFAM is ready for wire 

bonding and used.  
 

2.2 POWER SUPPLY AND CONTROLLER 
      To control the actuation voltage applied to the sAFAM, a 

control box has been designed and built as shown in Figure 3. It 

includes a TI USB2ANY interface adapter from Texas 

Instruments, an Arduino UNO, a development board, a buffer 

amplifier, and a programmable power supply (RIGOL DP831A). 

The Arduino serves as a serial translator between the operator’s 
laptop and the  

 

 
 

FIGURE 3: BLOCK DIAGRAM OF CONTROL SYSTEM    

 

DAC that is on the development board. The Arduino also limits 

the voltage allowed to be sent by the operator. The buffer 

amplifier was originally built to increase the impedance between 

the control circuit and the sAFAM. Moreover, it is designed to 

supply +/- 24V.  

 

The Arduino is connected to the user laptop from the back 

panel of the control box using USB. This allows the operator to 

use other methods, such as Python, to command voltages to the 

7 channels on the front panel. The analog output connection is 

connected to the six pads of the sAFAM to supply the required 

voltage to the actuators.  

 

2.3 JOYSTICK 
       Logitech Flight Simulator Joystick (The Extreme 3D Pro) is 

used in this development phase of the setup to control the motion 

of the sAFAM. This joystick has 2 axes that run along a 

coordinate plane with max values at 1 and minimum values at -

1. The sAFAM can move in six different directions but there are 

only 2 axes on the joystick. A trigger signal is used to switch the 

control between translational motions (X and Y) and the pitch/ 

yaw motions. The joystick offers an intuitive control of the 

sAFAM by applying voltage to its actuators in a precise manner 

to drive the cantilever by small steps, which makes manipulation 

of micro-nano scale object less cumbersome. 

  

3. DESCRIPTION OF SYSTEM SOFTWARE 
       One of the objectives of this work is designing a user-

friendly interface to control the sAFAM within its workspace in 

a precise and accurate way. To achieve that goal, a software 

based on Python has been developed for both graphical user 

interface and joystick controller. Figure 4 shows the front panel 

of GUI.  In the upper right, there is a list of the pin connections. 

Since there are eight channels available on the control box, the 

operator needs  
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FIGURE 4: FRONT PANEL OF GRAPHICAL USER INTERFACE. 

 

an option to switch connections to the pads on the sAFAM 

circuit. The shadow text in the white boxes shows how the 

program automatically assigns the channels to the pads. Then, on 

the bottom right, there is an option to change the maximum and 

minimum allowed voltage the operator can send, either with the 

joystick or using the GUI. The maximum and minimum voltages 

required to safely move the sAFAM are different depending on 

the specific sample as well as environmental condition. This 

option ensures the flexibility of the controller to use with 

different sAFM samples. The shadow text displays the max 

voltage that can be safely produced by the control box and the 

minimum voltage to cause the arm to move. For instance, they 

are set to be 24 V and 6V, respectively. This is used to re-adjust 

the voltage range that is sent by the joystick, to ensure the default 

is always set to position 1 on the joystick. If the operator chooses 

to change the maximum voltage to 16 V instead of 24 V, then 

position 1 of the joystick will follow that flexibility. Another 

benefit of minimizing the range would be to get better precision 

with the joystick at the cost of workspace, or to increase the 

range to increase the workspace at the cost of precision. After the 

user assigned which channel related to which pad on sAFAM 

and determine the minimum and maximum voltages, the 

required voltage can be applied by the set button on the GUI or 

by moving the joystick. The set voltage function inside the 

program simply inputs the plain text box for a particular channel 

selected by the user and converts their string input into a float 

value. The new float variable is then sent using the serial 

communication between the operator’s laptop and the Arduino. 

There is also a reset all function that first sets all the channel 

outputs to zero volts then resets the channel voltage section of 

the GUI. The reset function runs when the program starts and 

when the user presses the reset button. 

 Figure 5 shows the control program flowchart for both the GUI 

and joystick controller. The user has the option to choose 

between the GUI and joystick. If the joystick is chosen to control  

      

 

FIGURE 5: CONTROL PROGRAM FLOWCHART FOR GUI AND 

JOYSTICK. 

the sAFAM, the program will calculate the required voltage 

based on the minimum and maximum voltage limits. This 

voltage is then applied to a specific actuator based on the 

direction of the joystick movements. 

 
4. EXPERIMENTAL SETUP 
       Figure 6 shows the experimental setup to evaluate the 

performance of the sAFAM as well as its control interfaces. The 

control box and joystick are connected to the user’s laptop via 

USB port. The sAFAM was wired to the control box and placed 

on a microscope attached to two cameras. These two cameras 

(Edmund EO-3112C) capture images in both horizontal and 

vertical views for the sAFAM displacements in XY and Z 

directions. The embedded grid feature of these cameras allows 

movements of object under microscope as small as six microns. 

The acquired images from the camera are processed to extract 

the displacements of the sAFAM end effector. A conversion 

factor (𝐶) is used to convert the pixel information into their 

equivalent displacement by using micron scale. This conversion 

factor can be calculated by taking an image of micron scale at 

the same magnification and image settings of the displacement 

images.  

 

        Once the conversion factor is determined, the following 

procedure is followed to calculate the tip displacement in 

micron. First, the zero-position image of the arm tip is uploaded 

to ImageJ. Then, a line is drawn that crossed from the dark 

background to a much lighter sAFAM arm. The starting position 

of the line drawn and the point on the graph where the contrast 

changed drastically was recorded. After that, a new line is drawn 

on the actuated image that started at the same pixel position as 

the zero position. Again, the point of contrast change was 

recorded and the difference between the two contrast points was 

calculated. Figure 7 shows the pixel difference and contrast 

relationship for an actuated arm of sAFAM. From the figure, the 

displacement of the sAFAM arm in micron (Δ𝑑𝜇𝑚) is calculated 

by Δ𝑑𝜇𝑚 = 𝐶Δ𝑑𝑝𝑖𝑥𝑒𝑙 (1) 
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TABLE 1: AVERAGE DISPLACEMENTS OF SAFAM AND 

STANDARD DEVIATION σ FOR TEN MEASUREMENTS 

 

 

Parameters 

 

Act. 

Displacement, 

µm (mrad) 

σ, µm 

(mrad) 

Max Min 

M
o

ti
o
n

 D
ir

ec
ti

o
n

 

Transl. 

(X) 
AC 6.09 2.9 0.33 

Transl. 

(Y) 
BD 4.10  0.91 1.45 

Pitch 

Up 

(𝑍+) 
C 

47.92 

(13.7) 

8.4 

(2.4) 

1.17 

(0.3) 

Pitch 

Down 

(𝑍−) 
A 

63.41 

(18.1) 

7.3 

(2.1) 

0.91 

(0.3) 

Yaw 

(𝑋𝑌−) D 
23.19 

(3.9) 

5.6 

(0.9) 

1.67 

(0.3) 

 Yaw 

(𝑋𝑌+) B 
8.44 

(2.4) 

1.1 

(0.3) 

1.05 

(0.3) 

 

 

TABLE 2: REPEATABILITY OF SAFAM END EFFECTOR 

FOR MAXIMUM DISPLACEMENT (10 REPETITIONS). 

 

An important factor to evaluate a manually controlled microscale 

robotic system is a correspondence between the joystick operator 

inputs and resulting motion of the sAFAMS robotic arm. In this 

experiment microrobot’s end effector was moved by operator 
from initial to maximum position and then back to the initial. 

Displacement of the sAFAM’s arm was measured with the help 
of a Keyence laser displacements sensor (LK-G5000, Keyence 

Corporation, IL, USA). Figures 12 presents the results of the 

measured joystick controller voltage (top black line) and 

corresponding motion of the sAFAM’s end effector (bottom blue 
line). Figure 12 A illustrates change of the joystick’s voltage 
directed to the sAFAM’s actuator B resulting in yaw motion of 
the end effector and Figure 12 B illustrates changes of the 

voltage directed to the actuator A and respective pitch motion of 

the sAFAM’s arm.  

 
 

 
FIGURE 12: JOYSTICK VOLTAGE OUTPUT CORRESPONDING 

TO SPECIFIC MOTION OF THE sAFAM’S END EFFECTOR: A) 
PITCH MOTION OF END EFFECTOR GENERATED BY ENGAING 

ACTUATOR A; B) YAW MOTION OF END EFFECTOR – 

ACTUATOR A. 

 

Repeatability is a performance criterion that primarily 

determines the applicability of these types of microrobots.  It is 

defined here as the number of times a robotic arm returns to its 

original location after N times operation for the same operating 

task. Table 2 summarizes the repeatability of the sAFAM end 

effector for X, Y and Z directions for ten experiments by moving 

the joystick to the same position each time. The joystick is 

moved to the maximum range to make sure that the same voltage 

is applied in each experiment. 

 

 

 

 

Actuators 
Repeatability, 

µm (mrad) 

M
o

ti
o
n

 

D
ir

ec
ti

o
n

 

Translation (X) AC 0.7 

Translation (Y) BD 2.75 

Pitch Up (𝑍+) C 3.15 (0.7) 

Pitch Down (𝑍−) A 2.46 (0.6) 

Yaw (𝑋𝑌−) D 3.85 (0.6) 

Yaw(𝑋𝑌+) B 2.11 (0.6) 

A) 

B) 



 9 © 2019 by ASME 

6. DISCUSSION 
Performance of the sAFAM, in terms of displacement is 

primarily affected by the structural properties of the microrobot 

and motion translation from the given actuator to the robotic arm 

[16-19]. It is evident from the data presented in table 2 that 

workspace of our microrobot is significantly reduced compare to 

its previous versions resulting in6 micron towards X, 4 micron 

towards Y and smaller displacement values of pitch and yaw 

motion. The most likely reason is decoupling of the shutter and 

the beam which affected efficient translation of the motion under 

the actuator (via shuttle beam) to the shuttle with Zyvex socket. 

In a result the observable motion of the end effector under OM 

is accomplished for minimum voltage of approximately 7 V. 

Standard deviation values indicate that the best performance of 

sAFAM is realized for the motion driven by the A and C 

actuators (Table 1) which is consistent with repeatability values 

(Table 2). Relatively high values of the st. deviation and 

repeatability could be partially due to the adopted measurement 

method utilizing the microscope camera. For a given 

magnification camera’s resolution and consequently pixel size 
will always be an inherent limitation for the precise 

determination of the displacement. Nevertheless, considering 

that our conversion factor in this study was usually below one 

micron for given magnification, measurement method is 

definitely not the main contributing factor. 

 

Operator induced errors are another source of uncertainty 

for manually controlled robotic system like sAFAM, that affects 

the reliability and precision of the end effector motion. It is 

evident from the figure 12 that discrete changes of the voltage 

(steps) are not constant which is caused due to operator’s 
inability to precisely control the inputs using joystick. Any minor 

hesitation by operator during joystick operation resulted in the 

fluctuation of motion of the sAFAM’s end effector. Figure 12 A 

(close to 25th second) shows such a change in the end effector’s 
position. 

 

Lastly, performance of the sAFAM (repeatability with 

respect to the displacement) is modest when compared to other 

commercially available tools for nano/micromanipulation [1,2] 

which are based on the piezoelectric actuators with resolution 

and repeatability much better [1]. Nevertheless, sAFAM could 

be still a cost-effective tool with specific advantages over the 

commercial probing devices. Firstly, because of the lower 

manufacturing costs. Secondly, sAFAM could be considered as 

a highly specialized instrument for unique applications where 

high performance is not necessary and due to space limitations 

piezoelectric devices would not be practical. In order to achieve 

this, it is critical to improve performance of our microrobot as 

we plan further development of sAFAM., Also unique design 

and specialization of our tool makes it hard to compare to other 

custom MEMS based probing tools in development [2, 12, 13].  

Overall, our results indicate that we were able successfully 

realize 4 DOF motion of microrobot with the help of the low-

cost custom control system utilizing joystick (Table 2, 3, Figure 

11, 12).  

 
7. CONCLUSION 

A modified design of an Articulated Four Axes Microrobot 

(sAFAM) is introduced to improve its performance and stability. 

Both hardware and software control platform has been designed 

for controlling the sAFAM in a three-dimensional workspace. A 

graphical user interface (GUI) and a gaming joystick controls are 

implemented by using Python programming language. The 

performance and repeatability of the end effector of the sAFAM 

are then evaluated by using both the joystick controller and the 

GUI interface. Experimental results of end effector motion in six 

different axes, from 10 repeated measurement indicates a 

moderate repeatability of resulting motion, with a minimum 

standard deviation value of 0.33 µm in X axis and a maximum 

value of 1.67 µm in Yaw (XY-) axis. In future we will improve 

the controller of the sAFAM to minimize human induced errors 

during microrobot operation, enhance its precision metrics, and 

test it for in situ SEM nano/microscale manipulation. 
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