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Large-Workspace Polyarticulated Micro-Structures
Based-On Folded Silica for Tethered Nanorobotics

Yuning Lei, Cédric Clévy, Jean-Yves Rauch, Philippe Lutz

Abstract—Origami structures have a wide range of appli-
cations in robotics and have been intensively investigated by
researchers in recent years. However, enabling sub-millimeter
structures is an open question especially because of the lack
of small enough joints. In this paper, compliant joints made of
Silica by Focused Ion Beam (FIB) folding are proposed to achieve
continuous, highly repeatable large motions. A polyarticulated
structure including 3 joints is especially studied following a
series of robotic analyses and experimentations to quantify the
performances. The size of the structure firstly appears disruptive
because smaller than 50 pum in typical overall length, i.e. less
than the radius of an optical fiber. Secondly, the structure
can achieve a planar workspace of 57 pm squared, which is
significantly large compared to the structure dimension. Thirdly,
repetitive movements performed at randomly selected positions,
demonstrate an excellent repeatability standard deviations of 227
nm and 216 nm in x and y directions, respectively. These results
together state the interest of novel polyarticulated structures
resulting from the FIB folding as a basis for the next tethered
nanorobotics generation.

Index Terms—Micro/Nano Robots, Actuation and Joint Mech-
anisms, Motion Control.

I. INTRODUCTION

S a considerable amount of natural or artificially man-

ufactured tiny objects such as cells, natural fibers [1]],
carbon nanotubes [2], and optical fibers have been increasingly
used in recent decades for scientific, industrial and medical
applications [3]-[[11]], a strong need for characterization sys-
tems and methods to manipulate at very small dimensional
scales has arisen. Some commercial systems, such as the
Atomic Force Microscope (AFM) have allowed significant
advances in this regard [[12f], [13]]. However, there are still
substantial limitations due to the lack of dexterity and ver-
satility in manipulation. That lead researchers to investigate
another approach based on micro- and nanorobotics, The rapid
development of micro- and nanoscale robotic devices [14]]
in recent years has demonstrated the great potential of this
approach.
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To achieve multi-degree-of-freedom motion at the corre-
sponding scale, the dimensions of the robotic system need to
be as close as possible to the scale of the manipulation target
to obtain sufficient manipulation dexterity. For nanorobotic
applications, the size of their structures of interest is typi-
cally smaller than 100 pm [3], [15]l, [16]]. Further research
and development is needed to achieve more advanced micro
structures with experimentally measured large workspace and
high repeatability to verify their feasibility of application to
nanorobotics. Since the physics and chemistry of this scale
are not completely understood, such work is of considerable
practical difficulty [[14], [[15]. In the past decades, various
attempts have been made to achieve such ultra-small-scale
dexterous motion, here we cite some state-of-the-art research
in Fig[l] among them, the miniaturization of origami structures
is one of the aspects with great potential.
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Fig. 1. Comparison of the device size and approximate planar workspace of
some representative active origami robots and micro structures developed in
recent years. The devices in the area above the dotted line indicate that they
have a large workspace compared to their size. Among them, large workspace
sub-100 um devices are in high demand for the development of nanorobotics
(30, (151, [16].

Origami-inspired folding techniques can convert a planar
structure into a three-dimensional structure by folding, this
feature makes origami well suited for improving the planarized
structure design of conventional micro electro-mechanical sys-
tems (MEMS), the folds can be used as revolute articulations
for robotic structure design. Some centimeter-scale origami
structures have been proposed in recent years for robotic stud-
ies, for example, the milliDelta robot proposed by McClintock
et al. [17] and the multilayer deformable structure fabricated
by Miyashita et al. [18]]. Their design of robots with folding as
structural articulations practically demonstrated the feasibility



2 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED SEPTEMBER, 2021

and guaranteed motion performance of this folding technol-
ogy applied to polyarticulated robot design. The emergence
of millimeter-scale micro origami structures has generated
a great deal of interest, Leong et al. presented their
untethered poly microgrippers with phalanges and joints, and
Zhu et al. [20] proposed bilayer-hinge-based sub-millimeter
micro-origami structures to demonstrate the elastic and plastic
deformation of folding, allowing the structure to undergo
complex deformations, showing the great potential for further
miniaturization of articulated origami structures.

Rauch et al. fabricated the world’s smallest origami
house with a overall dimension of about 20 um by applying a
focused-ion-beam stress-induced deformation (FIB-SID) based
self-folding process using a 1.2 pm thick silica membrane
and a 1 pum thick lithium niobate membrane, respectively, on
the cleaved surface of a single-mode fiber. The entire folding
and assembly process was implemented in a SEM/FIB cross-
beam vacuum station using a six-degree-of-freedom robotic
manipulator. Their work has shown the feasibility of using
rigid materials such as ceramics and silica, which are not
traditionally collapsible, to create extremely small structures
below 100 pm.

The work of Mao et al. [22], demonstrates their
method to control the angle of bi-directional folding of a
100 nm thick film between -70° and 90° by controlling the
irradiation of a focused ion beam, which shows that the FIB-
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SID fabricated folding hinges have very small dimensions and
a large angular range, and it is possible to obtain different
hinges with similar thickness by controlling the folding to
the same angle. From these works, we can see the prospect
of designing and manufacturing more versatile polyarticulated
robot structures.

Howeyver, the state-of-the-art research is still limited to the
use of folds to form a specific angle in a passive origami
structure, and there is no experimental evidence that such
structures are capable of continuous motion within the angular
range allowed by their mechanical strength, while the high
repeatability required for nanomanipulations, typically less
than 1 pum [14]], has not been verified in practice. To understand
the suitability of such articulated structures for the develop-
ment of nanorobotic applications, we still need to quantify the
following aspect: Can such sub-100 um articulated structures
based on FIB-SID joints perform reversible, highly repeatable
continuous motion over large workspaces?

To answer the question raised above, a sub-50 pm poly-
articulated origami micro structure is introduced and studied
in Section[[] the structure is formed by cutting and self-folding
a 900 nm thick fused silica membrane using a dual beam Scan-
ning Electron Microscope (SEM)/Focused Ion Beam (FIB)
station. The objective of this work is to investigate the angular
range that each articulation of this FIB-SID polyarticulated
origami structure can reach, so that the workspace of the

Hinge z
[ Segment 1
gment 2

s A
/ (Output motion)

10 pm

Fig. 2. (a) Planar Design of the micro-origami structure before folding. (b) The folding process of the origami: folding of each of the three rigid segments
of the structure (1-3). schematic illustrations of side view, along with top view (FIB images), Scale bars are 10 um. The two free ends of the second and
third segment are called point A and point B, respectively, and C, D and O represent the articulations between segments. We define E as a certain point along
the x-axis for subsequent joint measurement and algebraic representation. The Denavit-Hartenberg (D-H) coordinate system of A and B are shown in red
and yellow notations respectively in (1-2). (c) (1-2) Side view SEM images of the polyarticulated micro-origami structure after cutting and folding process
completed. (3) Demonstrate the thickness of the silica membrane and of the folded hinges, measured as 925 nm and 104 nm respectively.
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structure’s end-effector can be deduced through kinematic
analysis in Section [llI| and verified experimentally in terms of
its workspace and repeatability, which are described in detail
in Section [IV] and [V] respectively.

II. FOLDABLE MICRO-ORIGAMI STRUCTURES

Quite a few studies related to origami design and manufac-
turing method in SEM/FIB station, especially the self-folding
origami process by Ga™' ion implantation, have been made
in recent years, various structures of different shapes have
been proposed, such as micro-cubic structures [24]], flower-
shaped and spiral structures [25]], [26].. In this work, a possible
way of investigating the robotic properties of sub-50 um
polyarticulated origami structures is provided by using a six-
degree-of-freedom closed-loop robot manipulator under the
vacuum chamber of the SEM, with a centimetric workspace
and nanometric accuracy. Details of the manufacturing and
manipulation of the polyarticulated micro-origami structure
are presented separately in the following subsections.

A. Manufacturing and folding of a polyarticulated micro-
origami structure

In this work, fused silica (silicon dioxide) has been used as a
substrate membrane for cutting and folding the polyarticulated
origami structure, and because it is a ceramic material and
relatively easy to obtain homogeneous nanomembranes, its
elastic behaviour is expected, which is important for the
robotics, reversibility and repeatability of the robot’s motions.
Considering the technical difficulty of fabricating silica mem-
branes below 1 um in thickness, we set the thickness of
the silica membrane to 900 nm to ensure that the resulting
membranes have homogenous thickness and to reduce the risk
of fracture. The complete fused silica membrane is obtained
by wet etching the oxidized silicon wafers with HF and KOH
solutions.

As single folds have been demonstrated as feasible in
previous research [21]l, [23], We desired a structure with at
least three revolute articulations and which could work in the
2D plane to enable the characterisation of motion in SEM
view. Fig. [2] demonstrates the design and fabrication process
of the polyarticulated origami structure chosen as case study
for the purpose of the objective of the study. A sub-50 um long
cantilever is designed to perform the FIB-induced folding and
a triangular tip is created at the end-effector location for ease
of subsequent measurements using computer vision methods.
A small segment is designed to be cut and folded from the
middle of the cantilever for welding with the stretched fiber
tip. The thickness of the folded hinges has been measured
to be approximately 100 nm, hence, to ensure that they do
not break during movement, the minimum segment width is
set around 8 um to ensure the robustness of each hinge for
repeatable folding, resulting in a width of 15 pum for the entire
cantilever. The length of the structure was limited to 50 um
in order to comply with the target size requirements.

TABLE I
PARAMETERS OF THE ORIGAMI PROCESS FOR DIFFERENT SEGMENTS

Segment  Etching zone  Step 1: Trimming Step 2: Folding
al x = 1.3 ym T=150s T=30s
z =16 ym P =30 kV, 500 pA P =30 kV, 200 pA
a2 x = 1.3 ym T=150s T=50s
z =16 pm P =30kV, 500 pA P =30kV, 100 pA
a3 x = 1.3 ym T =100 s T=60s
z=9 um P =30kV, 500 pA P =30kV, 50 pA

Consequently, a 45 um X 15 pm pattern with a triangular
tip and a fixed end on the other side is cut on the fused silica
membrane by the focused ion beam, shaping the body of the
structure, a 6 um X 8 pum small segment a3 was being cut
and folded firstly from the part near the triangular tip. After
this, the structure was divided into two segments of a; = 20
um and as = 25 pm in length and folded them in turn. The
origami folding process of each segment was divided into two
steps, with the first step using a stronger ion current to trim
the silica membrane into thin hinges, followed by a weaker
ion current to achieve a better control of the folding angle
of each segment. The joint deformation limits of these hinges
can be varied by changing their width hq, ho and hs, in our
experiments, they were all set to 1.3 um to ensure a consistent
angular range for each articulation. The FIB parameters of
these origami folding process are described in Table [[] for all
three segments. The final angle of each articulation during the
folding process needs to be set to a similar value of less than
90 degrees to ensure that the thickness of the flexible hinge is
approximately the same and that they will not interfere with
the subsequent folding of the other segments by obstructing
the focused ion beam.

Fig. 3.
articulated origami structures with a stretched optical fiber tip. The locally
zoomed-in rendering at the bottom left shows the micro origami structure
folded on the silica membrane.

Experimental configuration for welding and activating the poly-
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B. Activating the polyarticulated micro-origami structure us-
ing a stretched optical fiber tip

The handling and deformation of the polyarticulated micro-
origami structure is controlled by a six-degree-of-freedom (6-
DoF) robotic manipulator, which is composed by SmarArt
actuators in the vacuum chamber of the SEM. An optical fiber
tip end with a stretched diameter of 1 um is mounted on the
end-effector of the robot to activate the polyarticulated micro-
origami structure, as shown in Fig. [3]

The two free ends of the second and third segment are
called point A and point B, respectively, corresponding to the
output motion and the input motion end, shown in Fig. 2] b(3).
In the experiment, the tip of the fiber was manipulated to
contact point B on the third segment of the polyarticulated
structure, and a Gas Injection System (GIS) was used to
perform Ion Beam Induced carbon Deposition (IBID), carbon
were deposited to weld the tip of the fiber to the third segment
of the structure for reinforcement.

III. MODELING

In this section, the kinematic model of the proposed
polyarticulated structure is presented in detail, demonstrat-
ing the relationship between the angle of each fold of the
polyarticulated structure and the position of the end-effector
obtained by using kinematic solutions. Each fold in the poly-
articulated structure is regarded as a revolute joint for this
purpose. This model is thereby used to simulate its workspace
in the measured joint limits.

Following the definition of commonly used Denavit
—Hartenberg (D-H) convention, the fixed link frame is defined
as {0, Yo, 20}, and the coordinate frame of Link ¢ is defined
as {x;, ¥i, zi }- The standard Denavit-Hartenberg (D-H) param-
eters of the polyarticulated origami structure considering the
point A as end-effector are presented in Table [[Ij and the D-H
coordinate system is detailed in red notations in Fig[2[b)(1-2).

Considering the polyarticulated structure as a two-degree-
of-freedom (2-DoF) planar serial chain with two revolute joints
(RR), the kinematics equation 9T, for the series chain of
output motion point A can be obtained by using the lengths and
angles of the three segments that make up the polyarticulated
structure:

0T =7y - 'Ty (D

Therefore, the transformation matrix of the end-effector A
can be described as follows:

ci2 —s12 0 ascia+aic
o | S12 c12 0 a2s12+ais;
=17 0 1 0 2)
L0 0 0 1
I Cpa —Spa 0 T4
_ | S¢a Copa 0 ya
o 0 0 1 0 @)
Lo 0 0 1

Here we note ¢; = cos(6;), s; = sin(6;), ¢;; =
cos (0; +0;), sij = sin(f; +6;) . So the output forward
kinematic solution of the end-effector A can be obtained:

TA = agCi2 + aicy

YA = G812 + @181 4
pa=01+0
TABLE II

STANDARD DENAVIT-HARTENBERG PARAMETERS OF ORIGAMI
STRUCTURE WITH POINT A CONSIDERD AS END-EFFECTOR

Link i i ai @i
Joint angle  Link offset  Link length  Link twist
1 01 0 al 0
2 0> 0 az 0
50
(@) (b)
€
=2 0
>
-50
-50 0 50 -50 0 50
X (um)
- = Workspace for negative 92
(d)
1
-50 0 50
X (um) X (um)

Fig. 4. Workspace simulation results obtained using analytical method, for
different joint limits of 1 and 2. (a) —60° < 01,02 < 60°, (b) —90° <
01,02 <90°, (c) —120° < 61,02 < 120°, (d) —150° < 61,602 < 150°.

From these equations, the angular values can be used to
get to the position of the point A by applying this forward
kinematics solution. Based on the limitations of each flexible
hinge, the workspace of the point A was also calculated, as
shown in Fig. E} The Robotic Toolbox [27]] in Matlab was used
to model a two-axis planar robot with the parameters in Table
When using the analytical method [28]], [29] to calculate
the workspace, different resulting areas were obtained with
positive or negative 6> values respectively, with a partial area
overlapped between them.

The angle of each revolute joint can be obtained by solving
the inverse kinematic model (IKM) for the input motion of
the point B, and thus the position of the end-effector A can
be obtained using the forward kinematic model (FKM).
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The D-H coordinate system parameters considering the
point B as end-effector are presented in Table [l1Ij and detailed
in yellow notations in Fig[2(b)(1-2). Especially, in order to
distinguish with the coordinate system of point A, we define
{zip,yip, zip} as the Link ¢ frame of the D-H coordinate
system of point B. Therefore the inverse kinematic solution
can be obtained for point B using the iterative algorithm
provided in the Robotic Toolbox.

According to the simulation results in Figl] we can expect
the structure proposed in section[[I| to have a workspace of the
same order of magnitude as the structure itself. This workspace
depends very largely on the amplitude of each joint, the limits
of the joints will be studied in the next section.

TABLE III
STANDARD DENAVIT-HARTENBERG PARAMETERS OF ORIGAMI
STRUCTURE WITH POINT B CONSIDERD AS END-EFFECTOR

Link i di @i i
Joint angle  Link offset  Link length  Link twist

1 01 0 ay 0

2 02 0 a4 0

3 03 0 as 0

Count

-100

-50 0 50
Joint angle (°)

100 150

Fig. 5. Distribution of experimentally measured joint angle values of 61 and
62, The maximum joint angle obtained is 152.3° and the minimum joint angle
is -101.6°.

IV. EXPERIMENTAL WORKSPACE EVALUATION

In this section, the attainable angle of articulation is quan-
tified firstly in order to adapt the workspace of the poly-
articulated origami structure obtained from the simulation to
the actual joint limits, then the experimental procedure is
described and the workspace is quantified experimentally to
verify that the workspace obtained from the kinematic model
is practically attainable.

50
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Fig. 6. Validation of the workspace of the polyarticulated origami structure:
Simulation of the workspace of the validated joint confinement range (solid
line) with the coordinates of the end-effector point A (red star marks) obtained
from experimental measurements. The shaded part of the workspace cannot
be verified due to the occlusion of the substrate

A. Quantification of joint angle range

By means of machine vision-based image correlation, the
image pixel coordinates of the vertices of each rigid segment
are measured and converted to coordinates in the work plane
of the polyarticulated origami structure according to the pixel
size. The placement of the sample has been adjusted so that
the work plane of the structure is as perpendicular as possible
to the direction of the scanning electron beam, making it easier
to perform measurements and coordinate system conversions.

The positions of each rigid segment endpoint are measured
and calculated using the cosine rule to obtain the angle values
as shown in Equation [6] refer to Fig[2(b3), the sign of the
result depends on whether the angle is folded forwards or
backwards.
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OD’ +OE - DE"

61 = +cos™!

2x 0D x OF
-2 ——2 ——
0y =+ |27 — cos™! AD +E) __AO (6)
2x AD x OD
S AC? + BC® — 4B
8 2 x AC x BC

In the experiments, the maximum folding limit angle of
each flexible hinge was measured to be 0 < #; < 152.3°,
—101.6° < 65 < 151.7°, distributions of the measurements of
the joint angles are shown in Fig. 5} Due to the obstruction
of the field of view by the fused silica membrane, in practice,
only the configuration of #; folding in the forward direction
can be experimentally observed, so we use these measurement
results as the joint range for this structure for the workspace
analysis of the point A, hence the workspace calculated using
these parameters is shown as solid envelope lines in Fig.

B. Validation of the workspace

The polyarticulated structure was activated to move with
each joint varied in its measured joint range, a sequence of
movements was obtained to validate the calculated workspace.
Each motion step was performed with a movement of a few
micrometers, and a set of images of the SEM view was saved
for position measurement. Due to the limitations of the rotation
angle, once the optical fiber tip is welded to the polyarticulated
structure, the optical fiber tip was controlled to move only
in the x and y directions without any rotation, therefore the
entire workspace needs to be separated in two zones: the one
with a positive f5 and the other with a negative 5. In these
two cases, the welding direction of the fibers is different,
so these two cases were experimented separately. The part
of the workspace below the silica membrane could not be
experimentally observed and verified due to the obstruction of
the field of view by the membrane, Thus only the workspace
above the membrane has been experimentally verified.

In Fig. [7] on the left side (a-d), several motion sequence

92UaNbas JUBWBAO

Fig. 7. Proof of concept of folding and actuation of the polyarticulated structure by the externally driven optical fiber. (al)-(d1) Schematic representation of
the changes of the joints during movement with 62 folding in positive direction and (el)-(hl) in negative direction. (a2)-(d2) Example of the SEM images
obtained from the experiment for measuring and calculating the values of the angles and determining the position of the end-effector using visual methods,
(e2)-(h2) are in negative direction. The arrows in the SEM images represent the direction of motion of point A (red) and point B (yellow) respectively. Scale

bar is 5 um for all images.
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images are shown with 05 folds in positive direction, and an-
other case with 65 folds in the opposite direction is represented
on the right side of Fig. [/| (e-h). These images are used to
characterize the joint angles and analysis the position of end-
effector A.

The workspace of the end-effector A was verified by placing
the measured points in the structure coordinate system as red
marks in Fig. [f] The shaded area cannot be verified because
it was shielded by the fused silica membrane and silicon
substrate. The workspace achievable by the proposed poly-
articulated micro-origami structure within the determined an-
gular constraints was measured to be 57 micrometers squared,
of which we verified a workspace of approximately 47.4
micrometers squared with experimental data.

V. EXPERIMENTAL REPEATABILITY STUDY

The repetitive movement experiences of determined poses
performed by the proposed polyarticulated micro-origami
structure are presented in this section to analyse the repeata-
bility and reversibility of motions generation in nanoscale.

The joint parameters of the six-degree-of-freedom robot for
a defined position in the workspace of the micro-origami struc-
ture were recorded, and twenty repetitive motions were made
to this configuration, with sampling the end-effector position
five times for each move to the saved position to reduce
measurement uncertainty. Since the transformation between
the discrete image coordinates system R;(u,v) in pixels and
the robot workspace nanometric coordinates system R,.(x,y)
is calculated by Equation |/} The homogeneous coordinates
of the end-effector A in the image coordinate system and
the robot coordinate system are expressed respectively as
(ua,va,1) and (x4,ya,1), the image coordinates of the end-
effector A were measured by the same vision-based method
as being described in the previous section and obtain the
point coordinates distribution within the robot’s workspace by
multiplying the coordinates by the size of each pixel (k, k)
in the image.

T A k‘z 0 0 uA _
Yya = 0 ky 0 VA ' lTr (7N
1 0 0 0 1

Here T, is the transformation matrice from image co-
ordinate system to the polyarticulated origami workspace
coordinate system, R,.(x,y) corresponding the one in Fig.
b, k; and k, are the image nanometric pixel size in lateral
and vertical directions.

The results of the measurements are shown in Fig. [§] The
positioning repeatability is defined by its standard deviation
of all repeated positions to the mean position, in lateral, std,,
and in vertical, std,.
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Fig. 8. Repeatability test, distribution of the results of 100 measurements for
20 repetitions of the determined pose (5 measurements per pose), The size of
bubble indicates the density of the data measured at that point.
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The experimental result shows that these repetitions follow a
normal distribution of 227 nm and 216 nm standard deviation
along x and y directions, respectively, for displacements of
20 um. Due to limitations in image resolution and the effect
of image distortion caused by the scanning electron beam,
the five measurements of each single pose have an average
error of 183 nm, which is in the same order of magnitude
as the experimental results. Accordingly, we can conclude
that the intrinsic repeatability is limited by the conditions of
measurement, the actual motion repeatability of the structure
can be much better than the obtained experimental results.

VI. CONCLUSION

In this article, we presented a sub-50 pum polyarticulated
micro-origami structure made of a 900 nm thick fused silica
membrane fabricated using FIB-induced folding process. The
work demonstrated that this folded structure can induce re-
versible motions and thus the folded hinges can be considered
as articulation. Every articulation can achieve a reversible
large angle range between -101.6 and 152.3 degrees, and the
polyarticulated structure is therefore able to reach a very large
workspace of 57 pm squared, and it has been verified that
47.4 um squared of this workspace is safe and experimentally
achievable. The device size to workspace ratio was demon-
strated at the same scale and makes it compatible with the con-
siderable demand domains for large workspace nanorobotics
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devices smaller than 50 micrometers. Proposed polyarticulated
structure enables reversible motions with a repeatability stan-
dard variance experimentally measured as 227 nm and 216 nm
along the x and y directions, respectively, which demonstrates
that this polyarticulated structure is suitable for motions and
operations in nanorobotics, and thus provides the basis for
subsequent design and fabrication of more dexterous sub-100
um parallel robotic structures based on FIB-induced folding
articulations, such as self-adaptive robotic fingers [30]], for the
next tethered nanorobotics generation.
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