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Abstract— This paper introduces an approach to optimize the
design of serial robots tailored to achieve tasks within confined
spaces such that of a Scanning Electron Microscope (SEM).
Given the available working area, where tasks and visualization
are restricted to a very small volume (few 1mm?), numerous
systems revolve around this limited space, constraining the area
available for integrating a manipulation robot. To address this
challenge, we aim to optimize the robotic structure’s design,
making it more compact and closer to the area of interest,
thereby enhancing the workspace. The primary objective of
the optimization process is to maximize the robot’s capability to
attain significant angular orientations that currently drastically
limits manipulation abilities and accessibility of the robots. The
proposed methodology provides systematic means to address the
challenges posed by the constrained environment, ensuring the
serial robot’s work performance within the SEM. The resulting
robot architecture meets the criteria of large workspace and the
ability to achieve a large angular rotation of 34° which is more
than double the largest rotation of the actual robot using the
same stages, thereby enhancing the overall capabilities of serial
robots for SEM applications.

I. INTRODUCTION

Robot design optimization techniques find application in
diverse fields, including surgical robotics [1], robotic ma-
nipulation [2], and industrial robots [3]. These techniques
are primarily employed to tackle challenges associated with
reducing robot mass, enhancing cost-effectiveness, and op-
timizing robot placement. Various approaches are utilised,
such as heuristic optimization algorithms [2], [4], gradient
based optimization algorithms [5] and analytical methods [6].
However, to our knowledge, no works have been made in the
literature concerning the optimization of robot workspace
within confined environments as shown in Figure 1. This
article aims to fill this research gap by addressing the specific
challenges associated with robot workspace optimization
in constrained spaces, and more especially under powerful
microscopes.

In this article, a case study of robot kinematic optimization
for SEM (Scanning Electron Microscope) micro manipula-
tion is proposed. The SEM is a potent tool for high-resolution
specimen imaging in a vacuum environment. Systems are
included in the chamber such as a Focused Ion Beam (FIB)
and Gas Injection System (GIS) for substractive and additive
micro manufacturing, a SESI detector to capture secondary
electrons for image generation as well as a 5 DOF sample
stage for sample positionning. It can be noticed from Figure
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2 that all systems within the SEM revolve around the electron
gun column, hence a vertical plane passing through the
electron gun is considered for the optimization process.
Commercially available positionners capable of nanomet-
ric repeatability could be mounted in series to form a
serial robot manipulator are increasingly used in the vacuum
chamber. This research unveils the integration of advanced
robotic systems to enhance micro-scale operations in SEM
applications. A number of teams used these nanopositionning
robots in SEM to achieve robotic tasks such as cell charac-
terization [7], nano manipulation [8] and nano-assembly [9].
The robot employed within the SEM, as depicted in Figure
3 is utilized for diverse tasks, including the fabrication of
lab-on fiber 3D structures [10], characterisation of microscale
particles [11], creating a large workspace silica structure [12]
and fabrication of folding micro gripper [13]. These tasks are
strategically performed at the intersection of the field of view



Fig. 2. View of the SEM vacuum chamber showing the limited free space
for robot integration in addition to area of interest on FIB/SEM

of the electron gun and the FIB, forming an area of interest,
the Remote Center of Motion (RCM). The free space where
the robot is mounted and operate in is shown in Figure 2, as
the RCM is at the tip of the conical volume, installing nano
positionners near the point of interest is not feasible due to
their bulky size (in the order of tens of cm), which forces
the base of the robot to be mounted far from the RCM, This
leads to the robot facing limitations in executing substantial
movement around this point, especially in rotations, that are
essential in accomplishing robotic tasks (a maximum of 14°
in the XY), attributed to the restrictive and narrow inner
geometry of the electron microscope, and to the inherent
architecture of the robot that doesn’t consider the point of
interest, resulting in a reduction in the manipulation ability
of the robot. To overcome this challenge, we propose an
optimization approach aimed at changing the robotic design
to attain a larger working angle.
The envisioned design aims to achieve two key objectives:
(a) Enable large rotations around the RCM. In micro
manipulation, achieving significant rotations is crucial
for achieving robotic tasks, since this amelioration will
result an increase in robot workspace, dexterity and
manipulability.

(b) Ensure collision-free navigation within the SEM vac-
uum environment to prevent any incidents.

Addressing this challenge involved a series of strategic
actions: Section II will introduce the kinematic modeling of
the robots and the consideration of geometrical free space
limitations in the microscope. Section III will provide a
passage on configuration free space estimation to be used in
section IV that consists in the identification of the parameters
conducting to the optimal robot design. Section V provides
the final results as well as future prespective.

II. KINEMATIC MODELLING OF THE ROBOT AND SEM
ENVIRONMENT
In this section, the means for calculating the largest angle
possible around the area of interest without collision with the

SEM environment are going to be introduced. To achieve this
feat, a model to describe the kinematics of the robot and the
SEM environment will be presented.
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Fig. 3. CAD model of the current 6 DOF robot inside the SEM

A. Robot kinematic modelling

For the scope of this study, a 2D, XY@ structure was
considered, this is due to the consideration that the SEM is
axisymmetric; as all systems in the SEM revolve around the
electron column. We considered the linear X, Y actuators and
the rotational € (around Z) stage from the original robot. The
frames describing the robotic structure with a tool of length
L can be obtained as shown in Figure 4:
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Fig. 4. Kinematic model of a XY6 robot

For i < 3, (a;, b;) represent the link distances in the X and
Y directions respectively between the frames of the robot
and the World Frame (WF) when the former is in it’s home
configuration, i.e., no joint is actuated.



The goal of this approach in this case study is to find the
optimal combination of (a;, b;) in such a way to get the max-
imum rotation around a point in an enclosed environment.

From here, the forward kinematics that relates the WF to
the tool tip A can be obtained using a classical transformation
matrix 7' defined as follows:

cosqs —sings aj +as +az+q + Lcosgs
T = |singg cosqs by +by+ b3+ qa+ Lsings
0 0 1

€Y
Where ¢, g2 and g3 represent the joint values of the stages
in the X, Y and 6 directions respectively. For the purpose
of SEM micromanipulation, the tool needs to be always
directed towards the RCM, hence based on this assumption,
the problem formulation can be reduced to 2 DoF resulting
in the following kinematic model: the value of the 6 joint g3
is dependant on the value of the first two ¢; and ¢o:

b1+b2+b3+q2 — Yrem

q3 = arctan 2)
a1+a2+a3+q1 — Trem

Where 2., and Y., represent the coordinates of the RCM
regarding the robot WF.

From the direct model, an inverse kinematic model can be
deduced which yields:

[ql} _ [ﬂcp —a1 —as —asz — Lcos qg] 3)
G2 Yp — b1 — by — b3 — Lsings

Where z;, and y,, represent the desired position of the tool
tip A.

The original robot had six nanopositionners mounted in
series, for the choice of the stages in this planar study, the
one of the original robot were chosen as depicted in Figure
4

CLL42 (X stage):

e Size: 54.8 x 12 (mm)

* Maximum travel distance: 145.2 mm

e Size of the immobile part: 200x 10 mm

SLC-2490 (Y stage):

e Size: 90 x 6 mm

e Maximum travel distance: 63 mm

» Size of the immobile part: 90 x 10 mm

SR-5714 (theta stage):
e Size: 57 x 57 mm
e Travel distance: infinite

o)

Fig. 5. Dimensions and maximum strokes of the micropositionning stages
used in the study

The maximum stroke of each stage, as well as the di-
mension of the immobile and mobile parts are taken into
consideration with the direct kinematic model to construct
a geometrical planar motion model with regards to joint
parameters. Since the main objective of this study is robot
design in an enclosed space, all the parts of the geometrical
model of the robot were defined as collision blocks.

B. SEM Environment Definition

Regarding the SEM, our focus lies on the XOY plane
within the interior environment, passing through the center
of the fixed plate and of the SEM, as we aim to enhance
rotations within this plane (Figure 6) to facilitate robotic
tasks that require ample rotation around the Z axis. Another
geometrical model was created based on it, which was
referenced to the same WF as the 2D robotic model.
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In serial robotic systems, it is advisable to position the
largest stage at the base, followed by progressively smaller
stages toward the extremity. Where the base stage bears the
entire mechanical load. It should be noted that the fixed plate
in Figure 6 refers to the frame that the robot is attached to.

Figure 7 presents the result of the modelling process as the
robot can be visualised inside the SEM with the tool directed
towards the RCM. This is made possible by defining the
models as collision blocks in the Robotics Systems Toolbox
in MATLAB, and from this definition contact between the
robot and the SEM environment can be detected.

III. CONFIGURATION FREE SPACE ESTIMATION

To achieve robotic tasks at this scale, obtaining large
rotations at this point of interest are of great importance,
hence the following will introduce the method of calculating
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Fig. 7. Geometrical model representation of the robot inside the SEM
using collision blocks

this angle of interest from a given robot design by estimating
the configuration free space () of the robot. The configuration
free space calculation corresponds to the group containing
all possible combinations of robot configuration (g1, g2, g3)
where no collision is detected.

Using analytical methods presented in the literature [14]
or hierarchical approaches [15] would prove challenging
considering the complex geometry of the environment. In-
stead we opted for a heuristic approach in varying the joint
parameters using a step size of 2mm, which is suitable for
a workspace estimation for robot at the scale of tens of
centimeters. The configuration free space of a given robot
design, i.e., the combination of ¢;, g2 and g3 where no col-
lision of the robot with itself or with the SEM environment
occurs is quantified using this method.

From the configuration free space (), we could identify
the 2 configurations @i, and Q4. that correspond to the
maximum and minimum angle obtainable in the workspace,
since gs is the joint parameter representing the rotation of
the @ joint, the maximal angle can be expressed as

¢ = Qumaz (Q3) — Qmin ((13) 4)

Where ¢ corresponds to the objective function that is re-
quired to be maximized to ensure large rotations around the
RCM.

For the simulations, an arbitrary tool of length 7 cm and
width of Smm was chosen. Figure 8 presents the same robot
design in the Q,,;,, (green) and Q4. (blue) configurations.

IV. OPTIMIZATION PARAMETERS CALCULATION

After obtaining the method to calculate the objective
function, finding the optimal design parameters (combination
of a; and b;) is the topic to be investigated in this section.

The nature of the objective function is implicit since
the variables influencing it are resulting from a simula-
tion. Meaning using popular optimization methods such
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Fig. 8. Geometrical model illustrating the robot in Qin and Qmaz
configurations

as stochastic gradiant descent [16] and Adam [17] is not
feasible.

Instead, a direct optimization method, the Hooke-Jeeves
pattern search method is used in this study. In the robotics
field, this method has been demonstrated in joint optimiza-
tion [18], It operates by iteratively exploring the design
parameter search space (values of a; and b;), adjusting step
sizes and directions based on the objective function’s evalu-
ations. Starting with an initial guess, the algorithm performs
exploratory moves by evaluating the objective function at the
current point in the parameter space and searching along a
pattern direction. If an improvement is found, the algorithm
proceeds with a poll step, advancing further in the same
direction; otherwise, it shrinks the step size and retries. In
cases where the poll step fails to improve the objective, a
coordinate search ensues, adjusting each coordinate inde-
pendently to seek a better solution. This process iterates
until the convergence of the design parameters is reached,
i.e. the search direction becomes sufficiently small (0.1 mm)
implying the finding of a local maximum in the objective
function.

To avoid the problem of only finding the solution to the
function locally in the stead of finding the global maximum
of the function, numeral searches were conducted while
varying the initial guess over the design parameter space[19].

The advantages of using this function include fast con-
vergence (Figure 9), especially when compared to fine grid
search method, which in this case would include 6 nested
for loops. In the next section, the results of this method are
going to be presented.

V. RESULTS

The optimization method resulted in the following design
parameters that correspond to the optimal design of the robot
according to the objective function that was set to align with
the demands of robot dexterity for micromanipulation.
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Fig. 9. Graph showing the convergence speed of the Hooke-Jeeves method

TABLE I
OPTIMAL DESIGN PARAMETERS

ay by az bo as b3
274cm | -1lem | 3.16cm | -7cm | 395 cm | 0.5 cm

The robot with these design parameters could achieve a
rotation of 34.37° around the RCM. Which when compared
to the current robot employed in the SEM that could rotate
by 14°, proves the effectiveness of this method. Furthermore,
it proved the importance of considering the work of the robot
in the robotic architecture process.

To validate the feasibility of the results, we developed a
rapidly exploring random tree (RRT) algorithm to check if it
was possible for the robot to go from the configuration @,
to Qmaz Without collision, it indeed resulted in the affirma-
tion of the potentiality in reaching the two configurations as
shown in Figure 10.

TABLE II
JOINT PARAMETERS FOR THE MINIMUM AND MAXIMUM ANGLE
CONFIGURATIONS
q1 q2 q3
Qmin 89 mm | 24.5 mm -13.1°
Qmaz | 59 mm | -31.5 mm | 21.27°

Figure 11 illustrates the robot in it’s optimal design in a
random configuration according to the set criteria.

VI. CONCLUSION

This paper introduced an innovative approach for opti-
mizing robot design within constrained environments. By
leveraging a novel method to calculate free configuration
space, we successfully derived an objective function aligning

q3 (°)

Fig. 10.

Graph demonstrating using RRT algorithm for path planning
going from configurations Qin t0 Qmaz Without collision with the SEM
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Fig. 11. Geometrical model expressing of the robot in it’s optimal design
in a random configuration

with the key criteria of robot functionality. Subsequently, em-
ploying a direct optimization method enabled us to identify
design parameters that maximize the rotation of the robot
in a plane of interest to be more efficient in doing robotic
tasks. W have demonstrated that the rotation angle can reach
34° for the considered study. The @i, and Q4. can be
reached without collision with the SEM using RRT algorithm
for path planning

Moving forward, future endeavors will focus on expanding
the objective function to incorporate multiple criteria and
to push robotic architecture for SEM micromanipulation,
as well as investigating innovative mechanisms to push the
miniaturisation process forward to enable a more interresting
workspace.
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