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ABSTRACT

Ji,Bo M.S, Purdue University, August 2019. Design a control system for the low-cost
micro-manipulator.  Major Professor: David J. Cappelleri, School of Mechanical
Engineering.

This thesis report demonstrates a process of designing a control system for a
low-cost micro-manipulator fabricated through 3D printing technique. A 3D printed
micro-manipulator easily suffers from the problems of unexpected and non-uniform
output motions, so a control system is designed to mitigate the external disturbance
and improve the output precision of output motions, operation complexity, and mo-
tion capability. The overall design process consists of mechanical fabrication, control
system design and experimental validations. From the results of validations tests,
the 3D printed micro-manipulator is able to generate three dimensional(X, Y, and Z)
motorized movements with the travel range at 38 mm in each dimension. Also, it can
provide an adjustable output resolution based on different parameter settings in the
control system. The minimum step size can reach to 0.76 um/step. The suggested
step size is 2um/step due to the limitation of perception resolution. The average out-
put precision of the output motion is bounded within 5 um in the validation tests. In
order to improve the user experiences, the suitable operation speed for each dimension
ranges from 25 to 50 pum/s. Users can easily control the 3D printed micro-manipulator
to do some simple micro-manipulation tasks by manipulating micro-samples through
teleoperated or semi-autonomous control provided in the control system. The parts
used to build the micro-manipulator are common, off-the-shelf, or 3D printed, so users

can easily do the maintenance or repairs on the 3D printed micro-manipulator.



1. INTRODUCTION

In recent years, the micro-technology become a trend in the engineering commu-
nity [1]. Micro-technology has many advantages on both industrial and research
fields. It can provide convenience and benefits on manufacturing or assembling small,
highly integrated products due to the reduction on the overall operational, energy
and space cost [2]. Currently, Many different examples of micro-technology have
been studied and demonstrated. These examples can be divided into two main cat-
egories, which are micro-manufacturing and biomedical micromanipulation [3]. A
great number of micro-manipulators have been designed and fabricated for the pur-
pose of studying the process of micro-assembling and biomedical cells manipulation.
The micro-manipulator become the most indispensable tool in the study of micro-
factories, so there is an increase in the demand of the micro-manipulators [4].
Different working tasks and conditions demand different types of micro-manipulator.
However, most of the micro-manipulators are built with high-precision, micro-actuators,
and high-resolution sensors. Some of the micro-manipulators can provide fully motor-
ized output movements, so they also require high-level control algorithms to regulate
the output motions. These characterizations make the micro-manipulators too ex-
pensive for some small and medium-sized business. FExcept for the high cost, the
high-resolution micro-manipulator also suffer from the problems of high operation
complexity, which is potentially caused by the poor dexterity due to the excessive
manual interventions, heavy weight, large volume, and design deflections, so a com-
promise between the precision, operation complexity and cost need to be achieved.
It is necessary to design a micro-manipulator which has the features of low-cost and
easy-operation but still can achieve the desired accuracy and motion capability [5].
3D printing is proven to be very reliable and mature prototyping technology, which

already evolved into a useful tool in many fields, includes design, manufacturing,



electronics, materials, and business [6]. The three biggest advantages of 3D printing
are reducing the manufacturing cost, build time and weight of printed objects. [7]
Moreover, the 3D printer makes possible to print the model in an easy and single
process [8], so 3D printing technology is considered as a cheap and easy alternative
to evaluating and prototyping the micro-manipulator in this thesis report.

Hence, a micro-manipulator need to be designed to achieve four basic goals, which
are low fabrication cost, easy operation, high accuracy, and suitable motion capabil-
ity. This report first propose a mechanical design for the micro-manipulator, and
then a control system is designed to improve the output performance of the micro-
manipulator. Chapter 2 in this report demonstrates some of the existing benchmarks,
and several techniques used in the micro-manipulation. Chapter 3 starts with the me-
chanical design requirements and then demonstrate the mechanical strategies used in
the fabrication process of a low-cost micromanipulator. Chapter 4 shows the meth-
ods of designing the control system to motorize the mechanical system and perform
feedback perceptual control to improve the output motions. This chapter also demon-
strates some useful and convenient features in the control system and how each feature
is programmed. Chapter 5 is about performing different kinds of experimental tests to
do the characterization and performance validations. Before the validation tests, the
fabricated prototype and guiding manual of the control system are presented at the
beginning of Chapter 5. The guiding manual is to teach users how to use the control
system during the validation tests. The end of this report presents the conclusion of
experimental performances and some future works that need to be accomplished to

gain more reliable and robust output performance.



2. BACKGROUND AND RELATED WORK

2.1 Micromanipulation
2.1.1 Backgroud of Micromanipulation

The field of Micromanipulation is a critical component in microsystem technology.
When compared to conventional manipulation, micromanipulation is more challeng-
ing due to the difficulty of analyzing the adhesion force during the manipulation
process, so the micromanipulation requires not only high-precision but also the new
strategies for manipulation. Adhesion forces, such as van der Waals forces, electro-
static forces, and surface tension force, make the manipulation process highly un-
repeatable. Lack of repeatability increase the chances of human interventions. The
adhesion force must be mastered or overcame before any micromanipulation. Suitable
manipulation strategies and end effectors should be designed to handle the effects of

adhesion force [9] [10].

2.1.2 Micromanipulation strategies

The literature from Ref. [10] demonstrates lots of types of micromanipulation
strategies. There are two main types of micromanipulation strategies, which are
contact and non-contact strategies. Among the listed contact strategies, most of them
have gripping operations. Two conventional approaches tweezer-like configure and
fixtures configure belong to the micro gripping strategies. Many works have studied
how to use micro gripping strategies to achieve micro-assembly. The microgripper
is proven to be one of the critical components in the micro-assembly technology by
manipulating the micro-objects [11] [12]. However, due to the presence of the adhesion

force that is difficult to analyze, these conventional gripping strategies do not perform



well during the operations [13] [14]. The domination of the gravity force during the
operation is the precondition for gripping strategies. For example, when a gripper
open, the objects should fall due to the gravity forces. This predictable phenomenon
leads to many successful griping manipulations in the macroworld. In microworld, the
gravity force cannot guarantee to dominate during the manipulations, so the objects
may possible remain stuck to the gripper due to the adhesion force after the gripper
open [15] [16]. Another literature proposes a pushing manipulation strategy [17] to
replace griping manipulation. This idea started from the previous work related to the
study on using the pushing manipulation to mitigate the errors due to the friction
effects in macroscale objects. The previous study points out that only one point
contact between the pusher cannot lead to stable pushing and steering. if there are
no further corrective actions taken, the objects tend to rotate pass the pusher. The
motions of the object are related to its mass distribution the frictional distributions
on its surface, which are difficult to measure by visual perception [18]. Several other
works try to estimate and model the friction forces during the pushing dynamics at
the macroscale [19] [20] [21], but the model of friction is difficult to analyze due to
its nonlinearity. Various friction models were studied in Refs. [22] and [23]. However,
these models do not work well in the microworld. With the help of the integration of
force and high-resolution optical system, the uncertainties and friction effects can be
successful mitigated during the pushing manipulations [15]. In this report, pushing

manipulation strategy is implemented to do some simple micro-assembly tasks.

2.2 Benchmarks

Micromanipulators are designed to translate the macromovements from actua-
tors into the microscopic movements. They are widely used in the field of micro-
manufacturing and biomedical micromanipulation for industry and research purpose.
The types of micromanipulators can be distinguished by the number of axes, control

methods, resolution of movement, and travel range. A suitable micromanipulator



needs to be purchased or designed based on the particular task requirements. In
this section, different types of micromanipautor and their specifications are demon-
strated below. The listed micromanipulators are all from the Sutter Instrument,
which has developed a good reputation as a manufacturer of high-quality and inno-
vative instruments. Sutter Instrument is also the world leader in both manufacturing
micromanipulator and technical knowledge in the field of micro-fabrication.

Figure 2.1 shows a hands control manipulator. It can provide 3-dimensional(X, Y,
and Z) movements by manually turning the dials. This hand-control manipulator is
designed for a tight environment which requires maximum versatility in a small space.
There is a locking mechanism on the top of the manipulator to lock the position of
axis and increase the stability. The mechanical drive system is designed with precise
racks and pinion to provide drift free and smooth movements [24]. The specifications

of MM-33/R hand control micromanipulator are listed in Table 2.1.

MM-33/R

Figure 2.1. MM-33/R Micromanipulator [24].

Figure 2.2 shows a large scale hand control manipulator.The biggest difference
between MM-33 and MP-85 is that MP-85 can provide not only the coarse movement
but also precise movements. The small manipulator mounted on top is the coarse ma-
nipulator can only provide the resolution at 0.1 mm. The ultra-fine movements can

be achieved with the micrometer mounted at the bottom. This hand-control manip-



Table 2.1. Specifications of MM-33/R Micromanipulator [24]

Travel range(X) | 37.0mm

Travel range(Y) | 20.0mm

Travel range(Z) | 20.0mm

Resolution 100 pm
Price $1389

ulator is designed for the work tasks that require both coarse and precise movements.
There is a rotating mechanism on the base of the manipulator to enable change the
orientation of the manipulator. The dual springing of the moment arms can ensure
zero backlashes and zero torsion at the precise micrometer [24]. The specifications of

MP-85 hand control micromanipulator are listed in Table 2.2.

Figure 2.2. MP-85 Micromanipulator [24].

Figure 2.3 shows a motorized micromanipulator. The three-dimensional move-
ments are driven by electric motors. The drive system is designed with the cross-
roller bearing slides and worm gear capstan to drive a watch-like mechanism. This

motorized manipulator can meet a wide variety of positioning needs by varying the



Table 2.2. Specifications of MP-85 Micromanipulator [24]

Travel range(X) 37.0mm

Travel range(Y) 20.0mm

Travel range(Z) 20.0mm

Ultrafine Resolution | 5 pum

Coarse Resolution | 100 pum

Price $6995

operating speeds. The coarse resolution can be achieved at highest speed. The low-
est operation speed leads to precise resolution. This manipulator has an extra axle,
which is designed to hold the end-effector. The angle of this axle is adjustable de-
pend the users’ preference. A controller box call MPC-2000 is available to control the
speed and movement of the manipulator. The price of MPC-2000 is $3120 [24],s0 the
total cost of one set of MP-265 micromanipultor requires $9250. The specifications

of MP-265 motorized micromanipulator are listed in Table 2.3.

Figure 2.3. MP-265 Micromanipulator [24].



Table 2.3. Specifications of MP-265 Micromanipulator [24]

Travel range(X) 25.0mm
Travel range(Y) 25.0mm
Travel range(Z) 25.0mm

Ultrafine Resolution | 0.04 pym/step

Coarse Resolution | 0.2 pm/step

Price of manipulator $ 6130

Price of controller $ 3120

2.3 Motivation

Although there is a wide variety of micromanipulator available, the cost of them
is normally over $1000. Although hand-control manipulators have a relatively low
price, these manipulators are not easy to operate and require excessive manual in-
terventions. The motorized manipulators are extremely expensive. Sometimes, one
micromanipultor is not enough to achieve the desired output performance, and pur-
chasing several micromanipulators is too expensive for the small and medium-sized
business. Also, These high-resolution micromanipulator suffer a common problem,
which is hard to replace or repair the parts if the manipulator is broken. Hence, a
low-cost micro-manipulator needs to be fabricated, and a control system can be de-
signed to mitigate the potential disturbances from the mechanical system and improve

the output precision and operation complexity through the software.



3. MECHANICAL DESIGN
3.1 Design Requirements

For the requirements of mechanical system, the total fabrication cost should be
around $500, which is much lower than the price of most of the benchmarks. The
fabricated micro-manipulator should be able to provide the three dimensional(X, Y
and Z axis) movements. In each axis, the travel range needs to be over 20 mm. The
resolution of the design need to be lower than 10 um/step. Moreover, each part of the
design can be easily replaced or 3D printed during the maintenance and repairs. For
the requirements of control system, the degree of automation in the design systems
should reach the telecontrolled and semi-autonomous level. In both levels, the output
movements should be fully motorized. In telecontrolled level, the design needs to
execute the user control commands with the implementation of perceptual feedback
control. In the semiautomatic level, the design is able to spilt the control commands
by generating a set of trajectory point. The design should be easy-operated in both
automation levels, so users can easily learn how to operate the design to do some
micro-manipulations. During the operation, the control system should be able to
mitigate the external disturbance effects and improve the precision of output motions
through the perceptual control. In most working environments, the average precision

of output motion should be less than 10 pm.

3.2 Design Strategies

The design is designed to provide three dimensional movements, so the whole de-
sign can be simplified by separately designing one dimensional component first, and
assemble the three dimensional components together to build the whole micromanip-

ulator.



10
3.2.1 Actuator Selection

In the design requirements, the motions of designed micro-manipulator need to
be fully motorized, so the electric motor is the most suitable actuator to drive the
micromanipulator. The electric motor has several advantages, like high precision
output motion, complete motion control profiles, and compact size. The specifications
of the electrical motor, like resolution, smoothness, and speed, can actually determine
the output performance of micromanipulator, so there are many requirements on
the selection of the electrical actuator. First, the electric motor needs to have a
relatively low price(< $100). Also, the electric motor can provide smooth and high-
resolution output motions at low speed. However, the cheap DC motors suffer from
serious cogging torques at the low speed, and cogging torques have large effects on the
motors’ output performance and controllablity [25]. Developing a method to reduce
the cogging torque and smooth the output motion is extremely challenging, which
is not the focus in this paper. Some of the high-performance stepper motors with
the implementation of the microstepping technique can achieve smooth and precise
output motion at low speed, but they are quite expensive(> $300). A company called
IQ motion control provided a cheap brushless DC motor module which can achieve
high resolution and smooth output motion at low speed. A control module attached
to the brushless DC motor responsible for compensating the cogging torque effects
and performing high precision feedback control algorithm. Many built-in APIs in the
control module can perform different levels of position and speed control based on the
users’ requirements. The specifications of the motor module from IQ motion control

are listed in Table 3.1.

3.2.2 Drive System

The next step of design focuses on converting the rotary motions generated from
the electric actuator into the linear movements for the end-effector. The feed-screw

design is one of the popular mechanisms to convert rotary movements into the linear
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Table 3.1. Specifications of GB-2808 motor module from [ motion control

Resolution 0.022 °

Speed 0.1 rpm

Smoothness | reduce cogging torque by 88 %

Size 3cm X 3.5cm X 3.5cm

Price $88

movements. There are two general types of feed-screw, which are lead-screw and ball-
screw [26] shown in Figure 3.1. The lead screw is a threaded rod with a nut moves
parallel with the rod as the lead screw rotate. The ball screw has the matching helical
grooves that allow the ball bearings to re-circulate during the rotation. In order to
choose the appropriate type of feed-screw, the characterizations and performances of
two types of screw need to be explored and analyzed. From the design requirements,
the output motions need to be steady and precise, so the performance on output
motions is an important criterion to evaluate these two different mechanisms. Both
types of the screw can provide steady and smooth movements, however, the lack of
self-locking system in ball screw system can lead to unexpected movements, which
affect the output accuracy. Also, each ball screw nut cost over $200, which is much
expensive than the lead screw nut($30). Although the ball screw nut has higher
efficiency and a longer life cycle than the lead screw nut, the lead screw system is
still a better choice because of built-in self-locking mechanism and lower cost. [26].
Moreover, There is still room for improvements on the self-locking system. The
self-locking system still suffers from a minor back-lashing problem. The backlash
problem is caused by that the threads of nut do not fit snugly around the threads
of the screw [27]. In order to eliminate the positioning error caused by the backlash,
Replacing the normal lead screw nut with anti-backlash nut is a handy solution. For
the choice of the anti-backlash nut and lead screw, the size and pitch of threads for

nuts and lead screw need to match up perfectly. The lead screw end support is the
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last piece of the puzzle in the lead screw system to reduce the friction at the end of
lead screw during the operation. The dimension of lead screw end support need to

match up with the diameter of the lead screw.

Ball screw nut Lead screw nut

Figure 3.1. The demonstration of two types of feed-screw.

3.2.3 Coupling Connection

The strategy on choosing the appropriate coupling between the electric actuator
and drive system is also significant to the design. The motor module from 1Q) Motion
Control company does not have a motor shaft, so 3D printed motor shaft can be
designed and mounted on the motor. The shaft coupling is normally used to connected
the motor shaft and lead screw. There are two types of couplings, which are rigid
couplings and flexible couplings shown in Figure 3.2. The design potentially suffers
from the problem of misalignment between the motor shaft and lead screw system.
The rigid coupling cannot tolerate any misalignment. Also, the flexible coupling can
help absorb the shocks and vibrations [28]. Undoubtedly, the flexible coupling is the

better choice of shaft coupling in this design.



13

Flexible coupling Rigid coupling

Figure 3.2. The demonstration of two types of coupling.

3.2.4 Sliding Rail System

The final prototype is assembled by three dimensional components, so each dimen-
sional component need to be connected with each other by a connector. As mentioned
before, the linear movements happen on the anti-backlash nut. The connector need
to connect with not only another dimensional component but also the anti-backlash
nut. These connections can be easily fixed by several mounting screws. In order
to keep the connector and anti-backlash nut relatively static, the anti-backlash nut
and the connector need be fixed tightly, so that the connector is able to follow the
movements of anti-backlash nut. A guiding rail system needs to be added to stabilize
and balance the movement of the connector because the rotatory momentum between
the lead screw and the anti-backlash nut can vibrate the whole linear movement and
affect the output performance. The vibrations can generate unexpected disturbance
which can be inherited in each dimension. The guiding rail system is used to reduce
unexpected disturbance and smooth whole linear movements. There are many types
of sliding rail system available to choose, however, most of the sliding rails have gaps
between the roller and carriage, which can lead to extremely unsteady movement for
a micromanipulator. Some of sliding rails with high resolution are extremely expen-

sive. A better solution is to design a low-cost sliding rails with two guiding rods and
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several sleeve bearings.The design idea comes from the structure of linear stage. In
the design of linear stages shown in Figure 3.3, they normally have two guiding rods
to smooth and balance the linear movement. The gaps between the sleeve bearing
and a guiding rod can be quite small, so that guiding rod can slide through the sleeve

bearing smoothly and steadily.

Guiding rods

Sleeve bearings

Figure 3.3. The demonstration of linear stage.

3.2.5 3D Printing

Instead CNC machining the structure of each dimensional components, all the
structures are 3D printed to lower the total cost and weight of design. As discussed
in the introduction, 3D printing is already a mature technology, which can print
the prototype in fast and single process. The choice of 3D printing material should
provide strong strength and hardness, so that the whole design does not fail during the
operation. PLA as a commonly used 3D printing material has good tensile strength
and surface quality. The fatigue analysis on the 3D printed parts are demonstrated

in following section.



15

3.3 Specification and Performance
3.3.1 Simulated Prototype Demonstration

The 3D prototype built in SolidWorks strictly follows the design strategies as dis-
cussed above. The process of 3D modeling starts with one dimensional component
first. Figure 3.4 shown below is the three views of one dimensional component to
demonstrate a general appearance of one dimensional component. Figure 3.5 demon-
strates how each parts are assembled and connected in the dimensional component. In
this figure, different elements are marked by names and different colors to distinguish
from each other. The end support, lead screw, anti-backlash nut, flexible coupling,
and motor shaft are the major components of the drive system. They are colinear
and located at the center line of the design. The anti-backlash is fixed tightly inside
the connector by the screws so that the connector is able to follow the movements
of anti-backlash nut. A self-designed sliding rails system consists of the two guiding
rods and 4 sleeve bearings. Four sleeve bearings are inserted inside the connector, and
guiding rods can slide through the sleeve bearings smoothly and steadily. The two
ends of guiding rod need to remain fixed and stationary during the operation. This
figure can also be used as a supplementary instruction to the section of mechanical
design strategies.

The final prototype of micro-manipulator can be assembled by three identical di-
mensional components together. Figure 3.6 shown below demonstrates the general
appearance of the final assembled prototype with an extra probe holder and L-shape
connector between x and z dimensional component. In this figure, the three dimen-
sional components and probe holder are labeled. The x and y dimensional component
depend on the orientation of the design. A 90-degree rotation in any direction can
lead the exchange between x-axis and y-axis. The z-axis always remains unchanged
Several theoretical specifications like dimensions and travel range in each dimension
can be explored through the 3 view drawing of the final design model. Figure 3.7

and 3.8 shown below demonstrate the separated analysis on the specifications of one
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Front view

Sided view Top view

Figure 3.4. The three views of the one dimensional component.

dimensional component and final assembled design. All the significant specifications

are listed in Table 3.2 and 3.3 shown below.

Table 3.2. Specifications of one directional component

Length 150.00mm
Width 70.00mm
Height 47.10mm

Travel Range | 38.04mm

3.3.2 Specifications and Analysis

The theoretical performance of mechanical design needs to be analyzed to check

if the design requirements are satisfied. The theoretical accuracy of the movement
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Figure 3.5. The detailed description of design.

Table 3.3. Specifications of Theoretical prototype

Length 238.64mm
Width 150.00mm
Height 184.20mm
Travel Range in each dimension | 38.04mm

depends on the resolution of lead screw and encoder of the motor. Table 3.4 and
3.5 shown below are the data sheets of the selected lead screw and electric motor.
In these two tables, the travel distance per turn of the lead screw is 1.27mm and

resolution of the motor encoder is £0.00384 rad, so the minimum linear increment
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Figure 3.6. The final assembled prototype.
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Figure 3.7. The 3-D drawing of one directional component.
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Figure 3.8. The 3-D drawing of final assembly.

can be computed through the Equation(3.1). In Equation(3.1), r represents the rotary
angle of the electric motor in radian, C represents the constant value of the linear
travel distance of lead screw per turn and D represents the linear movement of the
lead screw. The theoretically computed resolution per step is equal to £0.76 pm/step,
which is less than the required resolution(10 pm/step).

Table 3.4. Data sheet of lead screw

thread size 6.35mm
thread per inch 20
thread angle 29°
length 100mm
speed ratio 1:1
Travel distance per turn 1.27mm
Accuracy for travel distance per meter | £0.25mm
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Table 3.5. Data sheet of electric motor GB2808

Voltage range 5-17V
Continuous stall current 11.1A
Continuous rotating current 15A
Mass 79g
Maximum Torque 114N mm
Resolution 0.00384 rad
rC
D = 9 (3.1)

The required torque needs to be computed to prove that the maximum torque gen-
erated by the electric motor is enough to drive the lead screw and workloads. The
following equations are used to compute the required torque for the electric motor
to drive the load in the design. Figure 3.9 shown below is the sketch of the one
dimensional component of the design. The required torque can be computed based
on the analysis of this sketch. In Equation (3.3), J;, represents the inertia of the total
load and connector int the sketch, My, represents the total weight of the load and
connector, and P are the lead distance of the lead screw. The formula for computing
the inertia of the motor is in Equation (3.4). Jys is the inertia of the electric motor,
M, represents the mass of motor, and r is the radius of the motor. The formula to
compute the lead screw inertia(J;) is the same as the Equation (3.4) with mass of
lead screw(M;) and radius of lead screw (rs). The total inertia is equal to the sum of
the inertia of load, motor and lead screw. The Equation (3.7) and (3.8) demonstrate
how to compute acceleration torque and load torque. The acceleration torque is equal
to total inertia multiply the current rotary acceleration. In the Equation (3.9),«a rep-
resents the thread angle for the lead screw, p is the friction coefficient between the
guiding rod and sleeve bearing, and 7 is the efficiency(reference values is 0.2 to 0.8)

of the lead screw. The total torque is equal to the sum of load torque and accelera-
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tion torque. In Equation (3.10), a safety factor(K,) is used to compute the required
torque of the motor. Table 3.6 contains several constant parameters, which are useful
to compute the required torque in each direction. Table 3.7 demonstrates the load
torque, acceleration torque, and total required torque in each direction [29] [30] [31].
The maximum required torque happen in the y-axis, which is located at the bottom
of the design. The maximum required torque is around 25 Nmm, which is less than

the maximum torque(114 Nmm) the generated by the selected electric motor.

Load
u
connector
| |
Yl Lra n NNEEE S
Motor
—
1)

Figure 3.9. The drive system .
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M P(sina + pcosa
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Tr=T1; + 1T, (3.8)

Ty = K, Tr (3.9)



Table 3.6. constant parameters for design

My[g] | rm[mm] | My [g] | rs [mm] | P lmm] |« ]| 9 | p
90 10 < 100 3.18 1.27 29 103|104
Table 3.7. Required torque in each direction
Direction | My, rlg] | a[rad/s?] | To[Nmm] | T,[Nmm)] | K, | Ta/[Nmm]
x-axial 831 1 4.5789 5.0395 2 19.2400
y-axial 1353 1 7.4476 5.0608 2 25.0167
z-axial 152 1 0.8385 0.0118 2 11.7007
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After computing the maximum required torque in each dimension, the maximum

shear stress on 3D printed motor shaft need to be analyzed to check the torsion

failure.

The shear modulus of PLA is 1287 M Pa. The shear stress of a circular

shaft can be computed through Equation (3.10). In the equation, 7 represents the

shear stress acting at the distance p from the center of the shaft, J represents the

polar momentum inertia of the circular shaft. J can be computed through Equation

(3.11) [29] [30] [31]. The maximum shear stress is found by replacing p with the

radius of the shaft, which is 1.2 ¢m for each motor shaft. The computed maximum

shear stress in each motor shaft is shown in Table 3.8. From the table, the maximum

shear stress in Y-axis is way less than the shear modulus of PLA, so the motor shaft

can work normally during the operations

Tp
T = —
J
4
r
J=—
4
Tr
Tmazx A
J

(3.10)

(3.11)

(3.12)



Table 3.8. Maximum shear stress in each dimension

Direction Jim?) r[m] Ty [Nm)| 7[MPal]
x-axial | 1.628 x 1078 | 1.2 x 1072 | 1.924 x 1072 | 1.418 x 1072
y-axial | 1.628 x 1078 | 1.2 x 1072 | 2.502 x 1072 | 1.84 x 1072
z-axial 1628 x 1078 | 1.2 x 1072 | 1.17 x 1072 8.6 x 1073

3.4 Cost of Materials
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One of the critical design requirements is to keep the total cost around $500, so

a detailed BOM (Bill of Material) is provided below to demonstrate the total cost

of the design. The table of BOM consists of the part name, the cost per part, the

quantity of the parts, and the total cost of the parts. The final row in Table 3.9

is about how much PLA filament is used to print the structure of the design. The

printing cost is the price of one reel of Ultimaker PLA filament. The final total cost

is $ 550.65, which is 10 percent higher than the target cost. Except for the electric

motor and filament, all other parts can be purchased from McMaster-carr.

Table 3.9. Bill of Material

Part Number Part Name Cost per part[$] | Quantity | Total Cost[$]

1 Electric Motor 88.00 3 264.00

2 Shaft Coupling 8.00 3 24.00

3 Anti-backlash Nut 20.23 3 60.69

4 Lead screw 24.72 1 24.72

5 End Supporter 9.70 3 29.10

6 Guiding Rod 15.29 6 91.74

7 Sleeve Bearings 1.95 12 23.40

8 PLA filament 35.00 1 35.00
Overall cost $550.65
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3.5 Advantages and Limitations

Overall, the mechanical system is simple and easy to assembly, because each
dimensional component is identical. The structure of the whole prototype is 3D
printed with tough PLA, so the workloads in each dimension is light due to small
density of PLA material, which helps reduce the friction force on the guiding rail
system and required torqued for the electric motor. As analyzed in the previous
section, tough PLA also can guarantee the strength and toughness of the structure of
the prototype. Compare with using CNC machine,3D printing can not only lower the
total cost of building the design but also reduce the workloads during the operation.
Although using 3D printing can bring lots of advantages, it still has some limitations,
which inevitably have the effects on the performance of output movements. The 3D
printed parts always have deviations on the dimensions compared with the desired
simulated model in computer. These deviations become more serious, especially on
the mounting holes. For example, the deviations on the mounting holes in sliding
rail system may compress the sleeve bearings, so that the sliding frictions are not
uniform on two guiding rods, which can cause non-uniform and unsteady motions on
both sides of the sliding rail system. Also, the deviations on the 3D printed parts
may lead to the misalignment outside the tolerance of flexible coupling in the drive

system, then the output performance can be affected.
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4. CONTROL SYSTEM

Mechanical design shown above is just the foundation of this low-cost micromanipula-
tor. The goals of the mechanical design are just to lower the fabrication cost, provide
theoretical high-resolution output and suitable travel ranges. While, the actual me-
chanical system potentially suffer from some problems, like non-uniform friction dis-
tributions and occasionally misalignment problems due to the uncertainties from the
3D printing or assembly deflections. These problems can cause serious the external
disturbance which have effects on the output performance of the micromanipulator,
while, it is extremely hard to quantify the disturbance in each dimension. A reliable
control system becomes the significant and indispensable components in this low-cost
manipulator to help mitigate these disturbance effects and improve the precision and
smoothness of output motions. The following sections are to demonstrate the details

of the designed control system.

4.1 Component and Architecture

The overall control system consists of five main processes, which are image ac-
quisitions, image processing, messages transmissions, position feedback control, and
error validations. Figure 4.1 shown below demonstrates the required setups for the
whole control system and the relationships between each component. This figure is
also useful to help understand the relationship between the five main processes. In
the process of image acquisitions, the image frames from the microscope need to be
captured. The captured image frames should also be updated on the users’ com-
puter screen at the same time to check if the quality of captured frames meets the
expectations. If the frames are not available, the control system shuts down auto-

matically and an error message pops up because the rest of processes cannot work
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appropriately without the good image acquisitions. In the step of image processing,
the control system is responsible for detecting and tracking the tip of the probe,
which is the end-effector of the manipulator. After this step, some useful informa-
tion like tip positions and users’ target positions can be extracted from the captured
frames. In the messages transmissions process, information generated from the image
processing needs to be sent from the computer to a microcontroller through serial
communication. The microcontroller is responsible for collecting the messages from
the computer and convert the current received messages into the control actions for
the motor modules. In order to control the 3-dimensional movements simultaneously
and prevent the data corruptions, an Arduino mega 2560 with three extra serial
ports [32] is chosen as the microcontroller to send the corresponding control actions
to each actuator. Each motor can be controlled by an individual serial port, so that
communication process is efficient and safe. In the step of position control, the con-
trol actions contain the rotatory direction, target angular position, and rotatory speed
for each actuator. The built-in control module uses corresponding control actions to
achieve the position controls on each actuator. After actuators finishing the current
position control, a trigger signal is sent back from the actuator to the micro-controller
to allow the start of the error validation process. After the computer receiving the
validation signal from the microcontroller, the control system starts to compute the
differences between the current tip position and target position. if the position er-
ror is within the predetermined validation threshold, the new control actions will be
generated base on the new target set-point and current position, otherwise, the old

control actions will be continuously updated until the errors are within the validation

threshold.
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Figure 4.1. The component and architecture of control system .

4.2 Features

4.2.1 Manual Graphic User Interface(GUI) Control
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There are several useful features in the control system which can help improve

the performance of the micromanipulator. The first feature is a manual GUI control.

This feature requires the users to enter the controls input, like rotatory position

rotatory speed directional and dimensional selection, to directly control the motions

of corresponding control actions. Figure 4.2 demonstrate the appearance of the GUI

for the manual mode.The manual mode provides the direct control on the motor

module by manipulating the values of rotatory speed, step length for the movement,

direction of movement and orientations, so users can easily check the performance

from the capture image frames by entering different control actions. Moreover, manual

mode can be used as a debugging tool, which can easily find out the reasons for the

unexpected performance from the feedback outputs in the captured image frames.
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& GUI for manipulator — O X
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Connection status Ready
Mode status Manual
Move X 40 um
Move Y 30 um
Move Z 0 um

Command movement
Direction of movement |forward
Orientaion |y-orientation
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Figure 4.2. The graphic user interface for manual mode

4.2.2 Teleoperated and Semi-autonomous Mode

The second feature is the teleoperated mode, which can automatically generate
the control actions base on the feedback position errors and validation signal. In this
mode, users can input the commands by clicking points on the captured frames shown
on the screen of the computer or pressing the keyboard to generate the target points
on the captured frame. The control system can automatically generate the desired
control actions to maneuver the manipulator to reach the next target points with
perceptual control. The perceptual control includes the built-in control module in

the motor and error validation process. This mode is useful to study the performance
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of design in the micro-assembly and some other following trajectory tests. Other than
the manual mode, the deviations from x and y-direction can be compensated with the
help from the error validation process, but the teleoperated control cannot deal with
the drift motions happen on the path to the target points, so the semi-autonomous
mode can generate a set of way points which can fill the gap between the current
tip position and target position. The set of way points can be useful to guide the
movement of the tip. Each way point is treated as a target point, so the tip of the
probe can move step by step to reach the last target point. The semi-autonomous
mode can effectively mitigate the drift motion and deviation on the path to the target

positions.

4.2.3 Calibration

The next feature is called calibration function. The presence of this feature is to
mitigate the uncertainties from the experimental setup such as inclined camera angle
and changed focus of the microscope, which can affect quality of capture frames.
Because the focus of microscope and location of camera is fixed manually during
the experimental setup, the captured camera views may have sort of deviations and
uncertainties. The goal of this feature is to calibrate the deviations and use software
to compensate the deviations. The rotation of camera angle and relationship between
angular displacement from actuator and pixel length under the current setup need to
be calibrated. This feature does not need to be repeated each time when the program
starts. If the experimental setups do not change, the calibrated results from the last
calibration process still can be used, so the calibration step can be skipped for the

convenience.

4.2.4 Error Output

The control system also provides a feature can calibrate the errors from the er-

ror validation process in each dimension during the operation. The calibrated error
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messages are automatically saved in several external files. With the help of gener-
ated errors, the performance of the manipulator can be visualized and analyzed after
the end of the tests. The significance of this feature is to provide a systematic and
mathematical way to analyze the performance of the micromanipulator through the
recorded results during the tests. With the help from the feature of error recording,
users can adjust the parameters in control system based on the analyzed results of

the output performance.

4.3 Algorithms

4.3.1 Object Tracking

In order to detect the tip of the probe in the camera view, the characterization
and specifications of the probe need to be explored. Shape and color detection are
two main detection methods in OpenCV. According to the captured frames from the
microscope, the lighting conditions may vary because of different experimental setups.
The intensity of the lighting source can have a very large impact on the quality of the
captured image. The color of tip varies under different intensities of light. Except for
the variations on color, there are also some other objects shared the same color to
the tip in the captured frame. Using color detection is not a reliable choice to detect
and track the tip. For the shape detection, the probe under the camera view does
not have a regular shape, so a more robust method needs to be used to accurately to
detect the probe. The contour detection is a method belongs to the shape detection,
and contour detection can easily find the contour of the probe and keep tracking the
contour when the probe is in motion. In order to track the tip of the probe, the
apex points of the detected contour can be selected. However, the contour detection
only works well if the probe is the only object in the captured frame. The contour
detection becomes unreliable when another object shows up and is close to the tip
of the probe in the captured frames. The contour detection sometimes put these

two objects inside one contour, so that the apex point may not locate at the tip of
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the probe. In OpenCV, adding erosion on the contour is a most effective way to
separate two objects when they touch each other because erosion method can erode
and blur the boundaries between two objects so that two connected objects can be
put into separate contours. However, using the erosion method can cause the shift
of the tracking point and unstable tracking performance because of the changes on
the contours. Figure 4.3 shown below demonstrates the shift of tracking point after
applying the erosion method. In the figure, it is obvious that the tracking point shifts
downward after the application of erosion. During the micro-manipulation tests, the
erosion method causes occasionally unstable tracking, which is shown in Figure 4.4
during the operation. Although adding erosion on the boundaries can help separate
two contacted objects at most of the times, this method is still not good due to the
poor tracking performance of the tip. The tracking point jumps around during the
operations so that the control system has a hard time to do the position control
and self-adjustment. In order to avoid these potential issues, another method called
template matching can provide a more robust detecting and tracking performance.
The theory of template matching is sliding the template image over the captured
frames and compare with the template image and path of the captured frame under
the template image. The template image is created by taking a screenshot of the
part of the tip from the captured frame. if the setups of the system do not change
during the operation, this method is more robust and reliable than using the contour
method with erosion. Figure 4.5 demonstrates the good performance of tracking with
the method of template matching when the two objects are touching each other in the
micro-assembly tests. Template matching method also has its limitations, it requires
to calibrate the tip of the probe before the initialization of the control system if the
setups change. Also, in some complex working environments, the template matching
method also may fail to provide accurate detection. The working environments for all
the tests in this thesis are relatively simple, so the template matching method works
well in all the tests. In the future, template matching still needs to be replaced by

the method of semantic segmentation to handle more complex tasks.
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Without erosion With erosion

Figure 4.3. The differences after applying the erosion method .

Figure 4.4. The unsteady tracking by using erosion method.

4.3.2 Calibration

The calibration is a significant feature to make sure the control system can op-
erate normally and precisely. As mentioned before, the calibration process can be
skipped if the experimental setups do not change. While if the calibration step is
not skipped, the calibration starts right after the control system achieving the good
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Figure 4.5. The good tracking by using template matching.

tracking results. The calibration is an automatic process consists of two major steps,
which are camera angle and rotary displacement calibrations. The angle calibration
requires help from the calibration slide. Figure 4.6 shown below demonstrates the
scale of calibration slide. The total length of the marked division is 1000 pm so that
each small division is 100 gm. The marker division can be useful to find out the con-
version between the actual length of movement and pixel length. Before the camera
view adjustments, the captured figure on the left side looks like slightly inclined. The
rotation angle can be computed by using trigonometric functions through two points
on the calibration slide. Users need to click two points on the captured image frame,
and the two points need to span 1000 pm, so the control system can easily compute
the current perception resolution by measuring the span of the pixel. The perception
resolution in current setup is around 2 pm/pixel. After having the rotation angle and
perception resolution for the camera view, the status on the left side of the figure
can reach to the status on the right side by counter-clockwise rotating 2.23 degrees as
shown in the figure. The camera view adjustment and perception resolution processes
are performed automatically after have the rotation angle and the span of the pixel.

In the step length calibrations, micro-controller starts to send the control actions
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with different rotary displacement for the corresponding actuator. The rotary dis-
placement is incremented as each control action finishes. For example, the first step
is one-tenth of one revolution, the second step is two-tenths of one revolution, and so
on. The calibration for one dimension finishes as the number of increment is equal to
the predetermined number of step. After each step, the feedback signal is sent back
to the laptop through the serial communication, so the control system can record
movement in pixel length under the microscope. The actual movements in microm-
eter can be computed by using the conversion between pixel and micrometer, which
is easily computed with the help from the calibration slide. Figure 4.7 demonstrates
the calibrated results in x and y dimension. Due to the limitations of the microscope,
the microscope can only capture x and y dimensional movement is this experimental
setup. The z dimensional calibration shown in next chapter is performed with a dif-
ferent experimental setup. The deviations in each dimension are plotted in the red
line, and the maximum deviations in x and y dimensional movement are 39 and 46
pm. The relationship between the output movement and rotary movement is quite

linear, which prove the anti-backlash nuts work well in the mechanical system.
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Figure 4.6. The angle calibration and adjustment.
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Figure 4.7. The calibration plot from x and y dimension.

4.3.3 Way Points Generation

Way points generation is the key component in the semi-autonomous mode. In
order to guide the movements between the target point and current tip position, the
way points can be useful to smooth the movement and prevent the tip drifting away
from the path. User can tune the gap (default 40 pum) between each way points. If
the difference between the target set-point and current position is larger than the
gap between way points, the number of way points between the current position and
target position can be computed by diving the difference distance by the gap distance.
Then, the way points automatically fill the space between the target position and the
current position. These way points are very useful to guide the movement of the
tip. Figure 4.8 demonstrate the improved performance on output movement with the

generation of way point.

4.3.4 FError Validation

The best method to achieve position control is using feedback control, however,

the actuator has its own built-in control module which cannot be interrupted send
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Figure 4.8. Improved performance with the generation of way points.

the feedback signals back to the microcontroller during the operation. Although this
built-in control module has an internal feedback control, which can achieve accurate
position control, the internal feedback control cannot compensate the external dis-
turbance effects from the mechanical system, so another external feedback control is
required to mitigate the external disturbance effects and achieve the high-precision
position control. The external feedback control functions as an error validation. After
the end of each control action, the control system computes the position error and
feeds these errors into the process of validation. There is a pre-determined validation
threshold (5 um) to check if the errors are within the threshold or not. The adjust-
ments need to be continuously performed until the position error is lower than the
validation threshold. Because of the existence of the disturbance and deviation, the
potential overshoot on the output movements can lead to repeated adjustments at the
target position. In order to reduce the possibility of repeated adjustments, a scaling
factor can be applied to the position error. Instead of directly converting the position
errors into the control actions for the actuators, a scaling factor(less than 1) is used to
scale down the control actions for the actuator. The output still can reach the target

set-point because of the existence of the error validation process. In the process of
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validation, a new scaled position error needs to be remeasured and converted to the
new control actions until the position errors reach the validation threshold. Because
the scaling factor is less than 1, the probability of excessive adjustments and over-
shoot is lower than before. Figure 4.9 explains the relationship between each process

to provide a better understanding of the logic behind the design of the control system.
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Figure 4.9. The logic behind the control system .

4.4 Limitations

As the logic diagram shown above, the error validation step needs to wait for two
periods of serial communications. The micro-controller only can send the validation
signal back to the laptop until the built-in control module in the actuator finishes
the current control command. Then, the actuator needs to wait for the next control

commands, during the waiting, the actuator stays idle, so the actuator cannot respond
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fast enough to the sudden unexpected movement due to the disturbance, for example,
the tracked object start to drift away from the path. Although the position of the tip
can finally be corrected to its desired path, the output precision of design is affected
by the time delay in the control system.

Another limitation is caused by the built-in control module in the actuator. Al-
though the control module can generate accurate results, the control module cannot
take any control input during the motions. The new control input should wait in
the buffer, so the control module is only considered as an accurate open loop control.
Although an external validation feedback loop can minimize the potential deviations
or uncertainties. the built-in control module is still an unstable factor which may

have effects on the performance.
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5. EXPERIMENTAL VALIDATION AND PERFORMANCE TESTS

5.1 Experimental Setup

The prototype of the design is built and assembled by following the design strate-
gies. Figure 5.1 shown below demonstrates the appearance of the z-dimensional com-
ponent with the probe holder. Because each dimensional component is identical in
design, the z-dimensional component can be used as an example to demonstrate each
piece of this component. The structure of the prototype is close to the simulated
design in Figure 3.5. In this figure, each element in the whole component is labeled.
Unlike the simulated results in Figure 3.5, the sleeve bearings are deeply mounted
inside the connector, so they are invisible in Figure 5.1. The whole blue structure
is 3D printed with PLA material. After building the one dimensional component,
three identical dimensional components can be connected to each other through the
connectors and screws.Figure 5.2 demonstrate the final assembled three-dimensional
prototype. The final assembled prototype need to be fixed tightly to the metal peg-
board by a 3D printed mounting fixture. Next step is to validate the dimensions of
the final prototype with the dimensions from the simulated model. The measured
dimensions of the actual prototype are listed in Table 5.1. The measured results are
quite close to the simulated prototype in SolidWorks. After the validation of the
assembled prototype, the prototype is ready for some experimental tests. The overall
experimental setup consists of an assembled prototype, a lighting source, a power
supply, a glass holder, a microscope, and a camera holder. Figure 5.3 demonstrate
the locations of each component. The assembled prototype is fixed tightly to the
metal pegboard to reduce the vibrations during the operation. A probe holder need
to fix the probe tightly, so the movement of the probe is steady during the operation.
The location of the glass holder depends on the location of the tip of the probe. The
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glass holder need to be placed right beneath the tip and fixed by mounting screws
to the pegboard. A slide of glass is placed on the top of the glass holder. In order
to improve the quality of the captured frame in the microscope, one sheet of white
paper can be placed underneath the glass. The lighting source is another important
factor can vary the quality of the captured frame, so enough lights can be provided
on the glass holder. In the figure, the lighting source is facing the glass slide. The
location of the camera holder is the last thing to determine because the location of the
camera holder need to make sure the microscope can detect the tip of the probe. The
location of the camera is movable on the metal pegboard. Once the tip of the probe
is captured by the microscope, the camera holder can be fixed by mounting screws.
The orientation of the microscope needs to be adjusted to make sure the probe is
upright in the captured frame. Before the experiment, each motor needs to be man-
ually rotated several rounds to check if the motor may potentially get stuck at some
points because of some mechanical reasons. After everything is set appropriately, the
power supply can be turned on. There are no constraints on the locations of the
power supply unless it does not interfere with the operations of the control system.
The output voltage should be less than 13 voltages to protect the electrical motors.
Operation manual of the control system shown in Table 5.2 need to be checked be-
fore performing any tasks. In this table, each input key has its own function and
requirement. There are only two mandatory input keys in this control system. As
introduced before, the calibration process is a mandatory process if the experimental
setup changes. The control system needs to know if the calibration process needs
to be performed. Input key s means that the calibration procedure can be skipped
because the experimental setup does not change. On the contrary, Input key ¢ means
that the calibration need to be performed due to the changes on the experimental
setup. One of the input keys must be entered to inform the control system about next
status, then some further tasks can be performed. The status of calibration is either
skipped or performed.If the control system does not have any statuses of calibration

during further operations, the error message pops up and control system should be
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shut down. Input key r means the start of the recording, and an external video file
is generated after the stop of the control system. Input key t decides whether to
print the length of each step on the output frame. The input g,y, and p are useful
input commands for the experimental validation tests. They can create the rectan-
gular, circular, and P trajectory for the control system to track. The sizes of these
trajectories are predetermined before the initiation of the control system. The rest of
numerical inputs belong to the online keyboard control, which can continuously send

commands to manipulate the tip positions.

Guiding rod

Lead screw

Anti-backlash nu

Shaft coupling

Motor shaft

Motor

Figure 5.1. Z-dimensional component in the Prototype.

Table 5.1. Specifications of assembled prototype

Length 239.20mm
Width 150.80mm
Height 183.80mm
Travel range in each dimension | 38.10mm




Figure 5.3. Demonstration of experimental setup.
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Table 5.2. Operation manual of control system

Keys Command Requirement
c Perform a calibration process Mandatory
S Skip a calibration process Mandatory
r Start to record Optional
t Show the texts on frames Optional
g Create a square trajectory on frames Optional
y Create a circle trajectory on frames Optional
p Create a P shape trajectory on frames Optional
5) Generate a target point right above the tip Optional
4 Increase the step size Optional
6 Decrease the step size Optional
1 Generate a target point on the left side of tip Optional
2 Generate a target point right under the tip Optional
3 Generate a target point on the right side of the tip Optional

5.2 Z-dimension Validation

From the section of experimental setups, the microscope only can capture two-
dimensional movements(X and Y). The z-dimensional movements can only change
the clarity of the tracked object because lifting up and laying down the probe lead
to the changes on the focus of the microscope. Both directional movements can lead
to changes in the clarity of the tracked probe tip. Figure 5.4 shown below how z-
directional movements change the clarity of the tracked object in the captured frame.
After the z-dimensional movement, the probe in the captured frame is quite blurred.
The tracking algorithm is hard to locate the tip of the probe. The consequence is ex-
pected because the microscope loses its focus on the probe after the occurrence of the

z-dimensional movements. While the changes on the clarity of the probe cannot help
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the calibration on the z-dimension. An extra camera holder is 3D printed, which can
hold the microscope horizontally so that the microscope can capture the z-dimensional
movement. The printed camera holder is only designed for the z-dimensional cali-
bration, and it is not in the actual experimental setup. From the calibration results
shown in the section of the control system design, the output movements in both
x and y dimension suffer the problem of drift, so the z-dimensional movement can-
not be a straight line because of external disturbances from the mechanical design.
The deviations from the x and y dimension can be compensated through the val-
idation process. The movement in the z-dimension only can lead to failure of the
tracking algorithm, so the validation process cannot compensate the deviations gen-
erated from z-dimension. In order to avoid contacts with other objects during the
z-dimensional movement, the maximum deviations in the z-dimensional movement
need to be calibrated. Figure 5.5record the calibration results in both clockwise and
counter-clockwise directions. Because the limitation of the 3D camera holder, the
calibrated movement length range from -2500 pm to 2500 pm. The purpose of Figure
5.5 is to show the movement in Z-dimension also suffer from the problem of drift. In
this figure, several points in the trajectories are labeled to show the moving distance
in x and z dimensions. All the label distance are measured by the difference between
the starting point and marked points. The starting points for both cases are located
at the bottom of the figure. Each point of trajectory are all recorded in the external
files to explore the maximum deviations after the calibration. Table 5.3 demonstrates
the maximum deviations in different lengths of z-dimensional movements. The max-
imum deviations in two different directions are 148 and -121 pum. According to the
results of maximum deviations, if this design is assigned to do some tasks involve
some z-dimensional movements, the tip needs to keep at least 150 yum away from the

other objects to avoid any physical contacts.
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Figure 5.4. The impact of Z-dimensional movement.

Table 5.3. Calibration of maximum deviations in Z-dimensional movement

Direction | 500[gm] | 1000[gm] | 2000[pm] | 2500[pm)]
Move down 95 105 148 148
Move up -82 -82 -121 -121

5.3 Resolution and Precision Validation

The theoretical resolution computed in mechanical design section is equal to
0.76pm/step, and this value needs to be validated through several tests in this section.
The tests are limited by the perception resolution, which is 2um/pixel measured in
the calibration step, so the test is designed to count how many steps are required to
finish 100 pm movement measured by the calibration slide. Figure 5.6 shows the how
validation tests are performed. Table 5.4 shows the measured results in five trials
of test. Although the computed results are quite close to the theoretical resolution
value, the computed result cannot be used to validate the resolution, because this
test can not quantify and guarantee that the length of each step is the same due to

the limitation of perception resolution. These validation tests can only compute the
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Figure 5.5. The calibrated results of z-dimensional movements.

average minimum step length for the micromanipulator. After the validation of reso-

lution, the actual precision of output movement with perceptual control needs to be
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validated. As the discussion in the control system before, the precision of the output
movements depends on the validation threshold (default 5 pum), so, theoretically, if
the position errors in each dimension are larger than 5 pum, the error validation pro-
cess starts to adjust the tip position. The output precision of the design depends on
the output position errors during the operation. Also, the value of validation can vary
depending on the experimental setup and requirements from work tasks. In this sec-
tion, several experimental tests are performed to explore the relationship between the
validation threshold and output precision. The experimental tasks contain different
sizes and shapes of trajectory. The experimental tests can be divided into two main
types, which are tests of tracking square and circular trajectory. Table 5.5 and 5.6
demonstrate the results of two different types of trajectory tests. From both tables,
the average of the experimental position errors are less than 2 ym, and standard devi-
ations of the experimental position errors are less than 1 gm. The maximum position
errors in both types of tests are a little higher than 5 pym, which is the default thresh-
old of the error validation. The validation process performs well when the position
error is over the threshold, so users can tune the value of the validation threshold to
manipulate the precision of the output motion. The default 5 um is concluded by the
results from many experimental tests. Table 5.7 and Figure 5.7 shown below are the
demonstrations of how thresholds affect the precision of the output movement.For
the current experimental setup, The threshold value should range from 1 to 10 pm,
because the larger threshold only has bad effects on the output performance. From
the results shown in Table 5.7, the average position error is bounded within 5 um
when the threshold is between 10 and 1um. The average position can represent the
overall output precision. Moreover, it is obvious that when the threshold is less than
5 pm, the validation starts to stop improving the precision of the output motion.
Three potential reasons are the limitations of the experimental setup, time delay in
the control system and the disturbance from the mechanical operations. In the exper-
imental setups, in order to provide more workspace for the probe tip in the captured

frame, the resolution of captured frame from microscope is bounded between 2 and
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3 pm, so when validation threshold is less than 3 pum, the average position error is
hard to be improved. As discussed in the control system design, the control system
cannot respond fast enough to the unexpected disturbances. Sometimes, the valida-
tion process starts to adjust the output positions when the position error is already
much larger than the validation threshold. The smaller threshold also has its own
limitations, which are potentially increasing the chances of repeated adjustments at
the target position. Although the repeated adjustments do not have any effects on
the output precision, the whole operation process can be slowed down because of the
increased number of validation processes. From the results in Table 5.7. using 5 pm
as the validation can guarantee not only the overall performance on the precision of
output movement but also the relatively faster operation speed. Figure 5.8 shown
below demonstrates the position error tests with different sizes and shapes of trajec-
tories. The size of the trajectory is considered as a potential factor which can affect
the precision of output performance. Table 5.8 and 5.9 demonstrate the output posi-
tion errors for different size of trajectory. For both square and circular trajectory, the
output position errors do not increase or decrease as the size of trajectory increase.
This phenomenon also can be found in Figure 5.9. The average position error stays
around 1.4 pym when the validation threshold is at 5 pum, so the size of the trajectory

does not affect the output precision.

Table 5.4. Average step length calibration for 100 pgm increment

Trial number | Number of step | Resolution per step [um/step]

1 132 0.75840.015
2 133 0.752£0.015
3 130 0.769£0.015
4 136 0.735£0.015
5 137 0.730£0.015




Figure 5.6. Resolution tests.

Table 5.5. Results of square trajectory tests
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Square(W = 400 pym) | Triall[pgm] | Trial2[pm] | Trial3[pm] | Trial4[pm] | Trial5[pm]
Average error 1.50 1.22 1.46 1.68 1.47
Standard deviation 0.64 0.68 0.62 0.59 0.58
Maximum error 6.8 6.2 6.4 6.6 5.7
Table 5.6. Results of circular trajectory test
Circle(D = 400 pm) | Triall[pm] | Trial2[pm] | Trial3[pm] | Trial4[pm] | Trial5[pm]
Average error 1.23 1.34 1.37 1.52 1.34
Standard deviation 0.94 0.88 0.97 0.92 0.96
Maximum error 6.5 6.4 6.7 6.3 6.4




Table 5.7. Performance with different validation threshold

Threshold 10 [pm] | 7 [pm] | 5[pm] | 3[pm] | 1[pm]
Average position error 4.37 2.84 1.63 | 1.57 | 1.48
Maximum position error 12.8 8.2 6.5 5.4 5.4

Position error under validation threshold

Position error [pm]

av

maximum

erage

3 4 5

6 7

Validation threshold [pm]

Figure 5.7. Average position error at different position error.

Table 5.8. Output performance of different size of square trajectory
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Square Triall[pm] | Trial2[pm] | Trial3[pm] | Triald[pm] | Average|um]
W = 400pm 1.34 1.26 1.45 1.37 1.35
W = 600pum 1.45 1.28 1.30 1.24 1.32
W = 800um 1.42 1.29 1.37 1.40 1.37
W = 1200pum 1.37 1.26 1.47 1.25 1.34

5.4 Speed Tests

As discussed in the previous section, the disturbances from the mechanical design

have effects on the precision of output motions. It is hard to calibrate and quantify



W =600 um

Figure 5.8. Demonstrate the performances in position error test.

Table 5.9. Output performance of different size of circular trajectory

o1

Circle Triall{pm] | Trial2[pm] | Trial3[pm] | Trial4[pm] | Average|um]
D = 400pm 1.43 1.38 1.42 1.35 1.40
D = 600pm 1.44 1.39 1.38 1.32 1.38
D = 800um 1.41 1.43 1.37 1.33 1.38
D = 1200pum 1.35 1.44 1.37 1.39 1.39
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Figure 5.9. Output accuracy for different sizes of trajectory.

the values of disturbances under different working conditions, so all the factors can
potentially impact the disturbance need to be analyzed through some experimental
tests. The operation speed is one of the major reasons varies the disturbance in the
design, so several speed tests are performed to analyze the relationship between the
operation speed and output performance. The validation threshold for each speed
tests remains at 5 um. The speed tests also can be divided into two types, which
are straight line tests and curved line tests. The straight line tests are performed by
following the rectangular trajectory, and curved lines tests are performed by following
the circular trajectory. The operation speed is controlled by the parameters of the
built-in control module in the actuator. There is a parameter of controlling the
desired time to reach the target position called time parameter. The changes in the
time parameter in the control module can vary the operation speed. After changing
the time parameter, the actual speed of output movement needs to be calibrated,
so the speed tests require two steps, which are the speed calibrations, and position
error calibrations. The calibrated speed can be computed by dividing the measured

movement distance by the recorded time. Table 5.10 shows the relationship between
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the time parameter in the control module and measured movement speed. In the
table, it is obvious that the measured speed increase as the time parameter in the
control module decrease. The position errors for each trajectory test are automatically
generated to the external files. The position errors are calibration in both x and
y-direction, because the disturbance in each dimension may vary due to different
workloads.The results of position errors on x and y-dimension are shown in Table 5.11
and 5.12. The average position errors in both x and y-direction start to increase as the
operation speed increases. When the operation speed reaches 78 pum/s, the average
position error is already close to the validation threshold, which means that many
large deviations happen during the operations. Figure 5.10 is a demonstration of how
position errors change in two dimensions under different operating speeds. The errors
from the y-dimension are always larger than the error from the x-dimension. one of
the possible reasons causes this phenomenon is that y-dimensional component located
at the bottom of the design carries the heaviest workload, which can lead to some
unexpected disturbance. In the figure, when the speed is over 50 pum/s, the position
error starts to dramatically increase. if the tasks do not have any requirements
on operation speed, it is better to keep the operation speed lower than 50 pm/s.
The purpose of Figure 5.11 is to show the differences on output performance in two
different speeds. The bad output performances easily happen when the operating
speed is high.

Table 5.10. The relationship between the time parameter and measured speed

Time parameter[us] | Triall[gm/s] | Trial2[pm/s] | Trial3[um/s] | average [um/s]

20 25.46 24.87 26.21 25.51
25 48.62 02.68 50.08 50.46
20 08.21 59.72 60.98 59.64

15 78.34 76.94 78.57 77.95
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Table 5.11. The average position errors in x-dimension under different speeds

Speed[pm/s| | Triall[pm] | Trial2[pm] | Trial3[pum] | average [pm]
25.5 1.50 1.22 1.46 1.39
50.5 2.10 2.46 1.8 2.12
59.4 3.66 2.42 3.46 3.18
78.0 6.10 4.01 3.62 4.58

Table 5.12. The average position errors in y-dimension under different speeds

Speed[pm/s| | Triall[pm] | Trial2[pm] | Trial3[um] | average [pm]
25.5 1.68 1.75 1.71 1.71
50.5 1.76 2.78 2.22 2.25
59.4 3.8 3.46 3.30 4.58
78.0 5.74 5.84 5.87 5.81

Position error under different speed
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Figure 5.10. Average position error in x and y-dimension under different speeds
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Figure 5.11. Comparison on output performance under two different speeds

5.5 Performance Test

In the previous experimental tests, all the test cases are the regular trajectory,
like rectangle and circle. In order to check if the design can handle most of working
conditions and environments, the irregular trajectory needs to be tested to check if
the design still can accomplish the tasks in high-precision. One of the test cases is
about drawing the P shape in different sizes. Figure 5.12 is the output performances
for different size of P shape. The dimensions of each P is labeled in the figure. From
left to right, the size of the P trajectory increase. In each test case, the output

movement follows the way points accurately and steadily. The next performance test
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is to manipulate the tip of probe to push a 400x400 pgm micro-sample. The control
system can not only draw the movement of the tip but also record the trajectory of
the micro-sample. In these manipulation tests, only one micro-manipulator is used, so
it is difficult to maneuver the micro-sample to follow a desired trajectory. These tests
only want to demonstrate that the design can do some simple micro-manipulation
tasks, like pushing the sample in a desired direction and changing the orientation of

the sample.

500um

Figure 5.12.

Figure 5.13. Push the block to the left
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Figure 5.15. Push the block to the top

Start

Figure 5.16. Change the orientation of the block

5.6 Experimental Results Conclusion

In this chapter, many types of experimental tests are performed to analyze and
validate the performance of the design. The tests include different size of trajectory,

different shapes of trajectory, different operation speeds, different validation thresh-
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olds, and micro-assembly tests. In each tests, design can provide very reliable and
accurate performance. All the test results are concluded in the Table 5.13.The error
validation threshold is still 5 pm for all the test results shown below. These spec-
ifications of the actual design can be used to check the achievements of the design
requirements. Also, these specifications of the design can be compared with specifi-

cations of benchmarks.

Table 5.13. Specifications of the design

Travel range(X) 31.8mm
Travel range(Y) 31.8mm
Travel range(Z) 31.8mm

Minimum step size | 0.750£0.015 pm/step

Coarse step size 2 pm/step

Speed range 25 — 50 pm/s
Price $550.56
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6. CONCLUSION AND FUTURE WORK

The design of a mechanical system and a control system for a low-cost microma-
nipulator are presented. This paper consist three main parts, which are mechanical
design, control system design and experimental validation. In the mechanical system,
the strategies and specifications of the mechanical design are elaborately explained
and analyzed. The total fabrication cost of the design demonstrated in the section of
BOM is $ 550.65, which meets the design requirement for the cost. A good mechan-
ical design is only foundations in the whole system. It also requires help from the
control system to motorize and optimize the output movements in each degree of free-
dom. The Chapter of Control System Design lists several features which can improve
the output performance and mitigate the drift motions and unexpected disturbance.
Among these features, the calibration, error validation process, and way points gen-
eration are the three critical features which have large effects on the output precision.
These three features are well-explained in the Chapter of Control System Design. The
rest of the features are designed to provide the convenience for the users, like manual
keyboard control, mouse click control, and recording position errors. These features
work together to achieve teleoperated and semi-autonomous control mode. Each fea-
ture mentioned in the control system design needs to be validated its performance
through experimental tests in the Chapter of Experimental Validation. Before any
experimental tests, the specifications of the assembled prototype is measured to com-
pare with the theoretical specifications shown in the Chapter of Mechanical Design.
Also, the experimental setup and instruction manual of the control system are intro-
duced to make sure that users perform the experimental tests appropriately during
the experimental tests. The purposes of the experimental tests are to validate the res-
olution, accuracy, output performance and the limitations of the design. The design

has two types of step sizes, which are coarse step size and ultra-fine step size. The
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coarse setp size(2um/step) is limited by the perception resolution(2um/pixel). The
ultra-fine step size(0.76m /step) is theoretical value ,which is cannot be quantified by
the current experiment setup. During the validation test for the resolution, the av-
erage minimum step length are computed instead. The computed average minimum
step length is quite close to the theoretical minimum step size. Both types of step
size meet the requirement of resolution. Some other validation tests are performed
to find out factors may potentially vary the output precision, like disturbance, speed,
validation thresholds, and size of trajectory. These validations tests conclude that
the suggested operation speed for the design range from 25 um/s to 50 pm/s and
the appropriate validation threshold is 5 um. With the existence of the validation
process, the average output precision is bounded within 5um, which is also meet the
design requirements. The shape and size of trajectories do not have much effects
on the output accuracy based on the experimental results. Some justifications are
provided in the section of experimental validation to prove that the deviations on the
z-dimensional movements cannot be compensated by the validation process. In order
to avoid the interference with other processes during the z-dimensional movement, the
tip needs to keep at least 150 pum away from other objects before any z-dimensional
movements. This is one of limitations in the control system during the operation.
The ultimate goal of the design is to do some micro-manipulation, like maneuvering
the targeted objects to a desired position. These micro-manipulation tasks are per-
formed to test the control system can maintain its performance in most of working
conditions. Although using one designed micro-manipulator is difficult to maneuver
the block steadily, the micro-manipulator prove its ability to move the micro-sample
in different directions and orientations during these micro-manipulation tests. Over-
all, the results in these validation tests prove that all the design requirements listed
at the beginning of the report are accomplished.

Currently, the design is not perfect, and there are still lots of things need to be
improved. At the end of the Chapters of the Mechanical Design and Control System,

the limitations are mentioned in each chapter. In the mechanical design, using 3D
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printed components potentially affect the accuracy of the output performance, be-
cause the 3D printed components suffer from the problem of dimensional accuracy.
The dimensions of printed components do not match up with the simulated model, so
this problem can lead to the nonuniform and unsteady output movement. A possible
solution is to find a more accurate solution to manufacture the prototype to reduce
the possibility of unsteady motion. The limitation of the z-dimensional movement
can benefit from this solution. Another big limitation is the time delay in the control
system. As introduced before, the time delay is the most critical factor which leads
to the loss of the accuracy on the output movement. The time delay means that
the control system cannot respond fast enough to the unexpected disturbance, so the
output accuracy becomes worse with the existence of the time delay. The potential
solution to reduce the time delay is to design a new control module for the electric
motor instead of using the built-in control module. However, program a new control
module requires lots of extra works, like identification of the motor, controller design,
and cogging force compensation. The new controller should be able to adjust the
movements of the motor simultaneously based on the tip movements and continu-
ously send the feedback signal to the microcontroller. This solution can effectively
reduce the time delay and improve output accuracy. The last major limitation is on
object tracking. The algorithms for objects tracking in this control system cannot
robustly and accurately detect the target objects after huge changes in the work-
ing environment. A more robust method is using machine learning to do the image
segmentation. Image segmentation is effective and accurate to separate the probe
from the capture frame. This new method can improve the robustness of the control

system.
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