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4D structures are tridimensional structures with time-varying abilities that provide high versatility, sophisticated designs, and a
broad spectrum of actuation and sensing possibilities. The downsizing of these structures below 100 pum opens up exceptional op-
portunities for many disciplines, including photonics, acoustics, medicine, and nanorobotics. However, it requires a paradigm shift in
manufacturing methods, especially for dynamic structures. A novel fabrication method based on ion-induced folding of planar multi-
layer structures embedding their actuation is proposed—the planar structures are fabricated in bulk through batch microfabrication
techniques. Programmable and accurate bidirectional foldings (—70°—+90°) of SiO2/C'r/Al multilayer structures are modeled, exper-
imentally demonstrated then applied to embedded electrothermal actuation of controllable and dynamic 4D nanorobotic structures.
The method is used to produce high-performances case-study grippers for nanorobotic applications in confined environments. Once
folded, a gripping task at the nano-scale is demonstrated. The proposed fabrication method is suitable for creating small-scale 4D
systems for nanorobotics, medical devices, and tunable metamaterials, where rapid folding and enhanced dynamic control are re-
quired.

As an emerging research field, nanorobotics has opened new avenues for numerous applications, such as
nanomanipulation, assembly, manufacturing, precision surgery, drug delivery, medical diagnosis, detoxifi-
cation, and personalized medicine [1, 2, 3|. Despite the promising potential of nanorobotics, it still relies
heavily on the traditional planar microfabrication technology. Therefore, the development of nanosys-
tems remains subject to significant technical and physical restrictions in terms of design, functionality,
and dexterity. A few methods have been developed for the fabrication of 4D nanosystems for a variety of
applications, including nanorobotic systems in particular. However, fabricating 4D nanorobotic systems
with accurate morphology, multiple materials, and a high dynamic behavior is an extremely challenging
task. At this scale, the fabrication of 4D structures remains one of the main challenges for reaching the
next generation of nanorobotic systems.

In the last decade, tridimensional microfabrication has been experiencing rapid growth, and few methods
have emerged, such as layer by layer stacking [4, 5, 6|, direct laser writing [7, 8, 9, 10|, template synthe-
sis [11, 12, 13|, and self-assembly [14, 15, 16]. Among these methods, Focused Ion Beam Stress-Induced
Deformation (FIB-SID) have shown great promises thanks to its ability to turn planar thin films into so-
phisticated volumetric structures by folding [17, 18, 19]. Unlike other techniques, and as shown in [20],
FIB-SID is a one-step process that can generate tridimensional structures with a nano-scale precision
and using various materials (dielectric, semiconductor, and thin metal films). As a result, FIB-SID, with
its ability to go from simple planar design to highly sophisticated volumetric structures by folding, holds
great promise. This process has been used for the fabrication of many nanosystems, from simple folded
beam structures [21, 22, 23|, carbon nanotubes [24], and semiconductor nanowires [25] to origami cubes |26,
27], helix [20], metamaterials |28, 29, 30|, and kirigami devices 31, 32, 33|. To the best of our knowl-
edge, Mao et al. have firstly proposed actuated structures fabricated by FIB-SID and consist of folding
bilayer Si3N4/Au composite, which can be electrothermally activated in a binary status (ON-OFF) in
order to control the resonance absorption of a tunable metasurface [29]. Nonetheless, most of these ex-
amples are passive/static structures made from a single thin layer. Advanced nanorobotic systems re-
quire versatility, highly sophisticated designs, and multi-Degrees of Freedom (multi-DoF'). Therefore,
having a dynamic behavior is a priority for such systems to be able to act, sense and execute different
tasks. In other words, in order for FIB-SID concepts to be beneficial for nanorobotics (among other ap-
plications), they must be used for the development of active/dynamic devices, also known as 4D struc-
tures where the shape of the structure is spatially and temporally controlled.

We propose a new fabrication method for 4D dynamic nanorobotic systems through programmable fold-
ing and electrothermal actuation. This method is based on FIB-SID folding of multilayer structures ob-
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Figure 1: Proposed 4D fabrication approach for nanorobotic systems, applied to a folded gripper. Batch microfabrication
based on planar designs, followed by FIB-based patterning, bi-directional FIB-SID folding, and electrothermal actuation
and control of 4D dynamic folded structures with embedded actuation.

tained through batch microfabrication techniques, as shown in Figure 1. A batch fabrication of pla-
nar structures can be produced through the use of the cleanroom technology. Then, depending on the
ion-induced folding parameters (patterning location/orientation and folding direction/angle), personal-
ized nanorobotic systems can be fabricated from a planar structure. In this article, the proposed pla-
nar systems contain three different layers, structured as follows: first, a structural layer that gives the
nanorobotic systems its geometrical and mechanical properties (thick dielectric layer). Then, an active
layer that induces the FIB-SID folding allows the nanorobotic systems’ actuation thanks to a Joule heat-
ing controlled bending caused by the differential thermal expansion between the two layers (thin metal
layer). Finally, a seed layer that ensures an adherence between the two first layers (a very thin layer of
Chromium). Once the planar structures are produced, the ion-induced folding can be achieved following
two steps. The first step is patterning, also known as the removal of the structural and seed layers. The
active layer is revealed in specific locations and with specific orientations thanks to the use of FIB etch-
ing. The patterning is one of the key steps which determines the final properties of the nanorobotic sys-
tem. The patterning operation is then followed by the folding one. Unlike the first two layers, the FIB
etching of the active layer leads to stress-induced deformations, which results in folding. Depending on
the parameters of the FIB etching (ion dose), of the used material and its thickness, the folding can be
bidirectional and programmable (from -70° to +90°). It was demonstrated (as shown in Figure 2) that
at first, the folding goes downward, and once the folding angle j reaches its maximum downward fold-
ing (=-70°), it starts going upward all the way to its maximum (8 =+90°). The proposed fabrication
method offers versatility and many possibilities in terms of planar structures, materials selection (insu-
lators and metals), patterning strategies, and folding angles, making the desired sophisticated 4D struc-
tures highly achievable. As a result, a wide range of 4D nanorobotic systems can be realized /achieved.
Lastly, the folded 4D nanorobotic system can be dynamically controlled through Joule heating-induced
actuation.

In order to showcase the efficiency of the proposed fabrication method, we designed, modeled, fabricated,
and characterized a monolithic gripper as a proof of concept. The planar design of the proposed gripper
has dimensions of 77 x 28 pymxpm. It contains three layers: a 1.2 pum thick Silica (S70,) structural layer,
a 200 nm thick Al active layer, and a 20 nm thick Chromium (Cr) seed layer. The batch fabrication of
the planar design is easily achieved with a three-mask process, as we use a single thin layer of Al to si-
multaneously act as the active layer during folding, as the electrothermal heater during actuation, and
as the electric circuit for control. For the patterning of the gripper, an ion dose of 6.2 x 1072 (ion/cm?)
is used to reveal the Al active layer, by the process of etching the SiO; and the C'r layers. The pattern-
ing is represented by two long strips separated by a 5 um gap (named as d, see Figure 1 ), and both
strips have an inclination of 6°, also known as the patterning angle . One with an « of +6°, and the
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Figure 2: Programmable bidirectional FIB-SID folding behavior of multi-layer (SiOs/1.2pm, Cr/20nm, and Al/200nm)
cantilever in function of ion irradiation dose. At low ion doses, the cantilever folds downward (8 = —9.5° for an ion dose
of 0.2 x 10%* ion/cm?), until it reaches its maximum downward folding angle (8 = —70°), for an ion dose of 0.84 x 10%*
ion/cm?. Any further irradiation, in this case, will lead to an upward folding, which first passes by the initial shape of the
structure (unfolded cantilever) and continues folding to reach an angle 3 of +68° for an ion dose of 2.1 x  10%* jon/cm?).
Due to the multilayer aspect of the structure, folding becomes relatively slower after this point, because the more the
structures folds, the more the irradiation of the Al active layer is obstructed, until being totally obstructed at a 5 = +90°.
This value corresponds to an ion dose of 2.9 x 10?4 ion/cm?. The measurement uncertainties are included in the curve, and
the ion beam current and acceleration voltages used for the folding are 10 nA and 30 keV, respectively. Scale bars of the
SEM images = 20 um.

other with an « of -6°(as shown in Figure 3). Each of the strips has dimensions of 65 x 1.4 gmX pm.
The characteristics of the produced gripper can be controlled through the patterning parameters. For in-
stance, by varying the patterning angle «a, the initial gap between the gripper’s fingers can be set to dif-
ferent values (as shown in Figure 3). This is also true for the space between the two patterning strips
d. Therefore, using the same planar design, different personalized grippers with different properties and
ranges of manipulation can be created. In other words, the properties of the nanorobotic system are cus-
tomizable throughout the patterning parameters. For example, the black dashed line in Figure 3 shows
the decrease in the gripper opening D, produced by increasing the patterning angle o.. This will allow
the gripper to handle smaller and smaller objects as it is operated (the red lines in Figure 3 give the
range of the tip displacement). The tip displacement of the folded gripper is experimentally character-
ized and show the continuous motion of the finger’s tip displacement (Figure 5a-d). Each finger has a
maximum tip displacement of 1.1 pym, which corresponds to a maximum input current I of 14 mA.

After the FIB patterning, the ion-induced folding of the gripper is investigated (see Figure 4). From

a foldability standpoint, the planar structure maintains its initial state (unfolded state) during the pat-
terning (see Figure 4a). Therefore, the ion irradiation parameters used for the patterning (ion beam
current and acceleration voltage) do not directly affect the folding afterwards. However, low ion beam
currents, in this case, will result in a better etching profile. The latter enables better FIB irradiation of
the active layer (thanks to the better revealing of the layer), which subsequently leads to a better folding
process. The 200 nm Al layer serve as hinges, bending means during ion irradiation, and final electrode
for the activation of the gripper fingers (see Figure 4b). Moreover, depending on the folding direction,
the produced gripper provides different gripping characteristics. For instance, upward folding (down-
ward folding) generates a naturally open (naturally closed) gripper that closes (opens) when actuated.
To summarize, the grippers are held by a silicon support and are made by three materials: a thin layer
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Figure 3: Gripper’s initial gap and the range of its fingers’ tip displacement vs. the patterning lines. Depending on the
value of the patterning angle «, the initial gap D of the gripper can be adjusted, while the fingers’ tip displacement re-
mains unaffected; therefore, the properties of the gripper can be tailored to the desired range size of the manipulated
objects. The red line highlights the change in this gap resulting from the actuation of the gripper (26), and the red dotted
line represents a completely closed gripper (generated contact force).

of silica of 1.2 um, a Cr (20 nm) is deposited as a seed layer followed by a 200 nm thick Al layer. All
these materials support a standard use in a vacuum environment, but if the application requires other
working environments (liquid for instance), it is possible to choose other materials, dimensions or func-
tionalize the surfaces. Depending on the needed characteristics (high temperature, biocompatibility, ba-
sic solution i.e. pH > 11 etc.), Ti, Pt, Au, etc., can be used. Further details on the ion irradiation pa-
rameters that control the patterning and folding processes, as well as the folding mechanism, are given
in Section I of the supporting information.

a)

Figure 4: FIB-SID folding of the gripper. a-c) Illustration of the folding of the gripper, a) patterning (removal of the pas-
sive layers), b) ion-induced folding at 60°, and c¢) at 90°. d) colored image of a bottom SEM view of a folded gripper. Scale
bar = 10 um.
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Figure 5: Actuation, characterization, and comparison between an unfolded and folded gripper. a) finger’s tip displace-
ment of a folded gripper, in response to a step stairs input signal (1.1 gm maximum displacement for a maximum input
current of 14 mA). b) statistical results for three folded grippers tested five times each. ¢) and d) continuous displacement
evolution of the gripper tip versus the applied current, this Figure also includes the comparisons of the average tip dis-
placement of unfolded and folded grippers, d) comparison between the average finger’s tip displacement of unfolded and
folded grippers and their respective FE models depending on the current and power input signals, respectively. Regarding
unfolded grippers results, only deformations produced by the fingers are considered here. d-g) Sequence of images during
the interaction with an optical fiber’s tip: d) locating, e) approaching, f) gripping, and g) releasing of the object. Scale
bars = 10 um.

In order to assess the efficiency of the fabrication process, the grippers are characterized before and af-
ter folding. The performances of both states are then evaluated. Additionally, to design and better un-
derstand the behavior of the fabricated device, a Finite Element (FE) modeling is used. The model de-
scribes the behaviors of the grippers before, as well as, after folding. The software COMSOL Multiphysics
used for the numerical analysis (as shown in Figure 5c¢-d) is coupled with Matlab software through the
Livelink interface to allow for parameters’ identification. The identification process is based on a genetic
algorithm. Additionally, the model is also used to conduct a time-dependent analysis of the gripper’s be-
havior, which permits the calculation of the system’s cutoff frequency at 500 Hz. To study the behavior
of the grippers (tip displacement) to an input signal (current), online visual tracking is used. The visual
tracking of the grippers tip displacement is done using a normalized cross-correlation technique based
on the SEM images. First, the tip displacement of unfolded grippers is measured in response to an in-
put step stairs signal, with a minimum current value of 2 mA, a maximum current value of 16 mA, and
a step increment in the current value of 2 mA. The maximum value of the current is fixed at 16 mA in
order to avoid damaging the gripper. In Addition, the steps have a slope of 1 s. Three unfolded grip-
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pers were tested five times each. The results of the tests can be found in Section II of the supporting
information. The mean maximum tip displacement measured, which corresponds to the maximum cur-
rent used (16 mA), is 2.7 ym. In the same manner, three folded grippers were tested. The maximum
current value, in this case, was fixed at 14 mA. According to Figure 5a-b, the mean maximum tip dis-
placement is 1.1 pum, which corresponds to an input current value of 14 mA. The experimental results
for both cases were used for parameters’ identification for the FE model. Consequently, the nanorobotic
system is able to maintain its performances after the FIB-SID folding process. This observation is also
verified when only the finger deformation is considered for both unfolded and folded cases (see Figure 5c-
d), where both states of the system outputs the same performances. This outcome confirms that the
gripper is able to preserve its performances after the ion-induced folding. It is worth mentioning that
each of the three folded grippers was operated over 130 times. Moreover, they were able to maintain
their full performances throughout the testing period (no quantifiable degradation). This reproducibil-
ity validates the overall approach as well as the fabrication process’s effectiveness. Furthermore, from the
130 tests conducted for each gripper, we were able to determine that the folded grippers have a repeata-
bility of less than 20 nm, or less than 2% of the maximum displacement. The repeatability and scala-
bility of this technology are mainly hinged on the repeatability and scalability of the fabricated planar
structures; consequently, we can conclude that this technology is highly scalable and repeatable. A more
in-depth characterization of the gripper, before and after folding, that highlights the comparison between
the two states is provided in Section II of the supporting information.

Furthermore, to demonstrate the folded gripper’s abilities to hold and interact with objects, two differ-
ent tests are conducted, an interaction with a conductive object (metalized optical fiber’s tip) and a di-
electric object (small Si0, block). First, to observe how the gripper interacts during contact with a con-
ductive object (minimal electrostatic charges), the closing action and reopening of the gripper are tested
using the metalized optical fiber’s tip (as shown in Figure 5f-g). The gripper is able to approach, hold
and release the optical fiber’s tip with ease and in a smooth fashion. The electrostatic charges, in this
case, do not affect the operation of the gripper. Secondly, during a similar test with a small Si0Oy block
(notable electrostatic charges), the gripper is able to approach, hold and release the object. Compared
to the first test, electrostatic charges are apparent, as they slightly delay the release. Nevertheless, the
gripper is able to hold and release the object with ease (see Movie S5). Finally, we can conclude that the
folded gripper acts effectively in scenarios that include mild as well as notable electrostatic interactions.
In this article, we have demonstrated that 4D nanorobotic structures based on embedded electrothermal
actuation can be successfully fabricated and actuated to accomplish a robotic task. The proposed fabri-
cation method will open new horizons in nanorobotics and enable the fabrication of other nanosystems
for the wealth of nanoengineering. Primarily, by tailoring the patterning and folding parameters, highly
sophisticated 4D nanosystems with custom characteristics could be achieved simply using the same pla-
nar structure. Additionally, the characteristics can further be tailored by acting on the planar design
and /or exploiting the selection of materials that can be used. Moreover, the tethered aspect, in this case,
allows for a direct and dynamic (500 Hz) controllability during advanced function execution and in dif-
ferent vacuum environments. We also envision that the combination of 4D FIB-SID fabricated struc-
tures with other actuation techniques, such as light, magnetic, acoustic, etc., will strongly impact the
field of nanorobotics in particular and nanoengineering in general. The fabrication of 4D structures via
ion-induced folding is an attractive method for producing nanorobotic systems for nanoassembly, manu-
facturing, and CNTs manipulation in vacuum which can be extended to biomedical applications by con-
sidering some design modifications.

1 Materials and Methods

1.1 FE modeling

The numerical analysis for this study is performed using a FE model. The commercial software COM-
SOL Multiphysics is used to solve the linear elastic deformation equations caused by joule heating (ther-
mal expansion). For the bending calculations, the response of the geometries to the changes in current
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is introduced in the form of a volumetric stress. Three different materials are used for the model, Silica
(Si09), Aluminum (Al), and Silicon (S7). Since Si is only a support layer (base) used to hold the grip-
pers, the parameters used for its modeling are not modified and have the same values provided by the
software material library (Young’s modulus of Eg; = 131 x 10° Pa and thermal expansion coefficient
ag; = 4.15 x 107% 1/K). However, for the two remaining materials, a genetic algorithm based on COM-
SOL Multiphysics / Matlab coupling (Livelink interface) is used for parameters identification. The iden-
tified parameters have values of Eg;0, = 73.1 x 10° Pa / ag;0, = 0.25 x 1075 1/K and E4 = 70 x 10° Pa
/ aq = 23.8 x 107¢ 1/K, for SiO, and Al, respectively. Poisson’s ratios of vg; = 0.27, vs;0, = 0.17, and
va = 0.33 are used for the modeling of Si, Si0,, and Al, respectively. The same identical parameters
are used for the modeling of the different configurations of the grippers, including unfolded and folded
states. The outer boundaries of the base were mechanically constrained and were set to room tempera-
ture. The element type for the discretization were set to free tetrahedral. Additionally, a time-dependent
analysis is also conducted using this model to study the dynamic behavior of the grippers. The system’s
bode diagram is determined, and the cutoff frequency is identified at -3dB.

1.2 Microfabrication process

An initial wafer of Si0Oy — Si — Si05 is used for the batch fabrication of the planar designs. First, the
S104 is removed from the back of the wafer. Next, on top of the 1.2 um thick Si0,, a lift-off process

is performed for the deposition of the electrodes Cr / Al, with thicknesses of 20 / 200 nm, respectively.
The back surface opening (Si etching) is conducted using DRIE followed by a front etching of SiOs. Fi-
nally, the sample release is executed.

1.3 Folding of the origami gripper

The FIB-SID folding is conducted using the pRobotex station. The latter is based on an Auriga 60 mi-
croscope produced by Zeiss!. It contains a large cubic vacuum chamber with dimensions of 60 x 60 x 60
cm® and SEM field emission gun column vertically installed and accompanied by two detectors for retro
diffused electrons: an energy selective backscattered detector and an in-lens detector. A third detector,
SE2 detector, is used for the detection of secondary electrons. Furthermore, the FIB column, installed at
54° angle from the SEM column, is produced by Orsay-Physics®. The general settings used for the fold-
ing are as follows: an overlap of 50%, a dwell time of 1 ps, and ion beam acceleration voltage of 30 KeV.
Additionally, beam currents with a value of 10 nA is used for the patterning and the folding. All the ion
doses given in this paper are calculated using the beam current, surface of the irradiated area, and ir-
radiation time. The images presented in this work are obtained using both the SEM and FIB modes.
The online tracking of the tip displacement of the grippers is performed using the SEM mode. Lastly,
the calculations of the folding angles are done using FIB mode and by considering the viewing angle.

1.4 Gripper displacement tracking

The SEM visual tracking of the gripper’s tip (unfolded or folded), is managed by MATLAB / Simulink
software. It uses a Visual Servoing Platform (ViSP) in addition to a dedicated block set Cvlink®. The
tip tracking is based on normalized cross-correlation as previously done in [34]. The user selects a small
window of frame, which will be tracked online and represented by a red cross in the frame. The tip dis-
placement is measured in pixels before being converted in real-time to micrometers and given as an out-
put. Furthermore, a multi-function data acquisition module (USB-6343) from National Instruments* is
used to deliver the input current, as well as, to measure the output current. The module can manage
voltages between 4+ 10 V with a high resolution (3.5 mV). Additionally, a custom-made electronic mod-
ule that makes switching between grippers possible was built and used. All the tests and their parame-

Thttps://www.zeiss.com/corporate/int,/home.html
2 https:/ /www.orsayphysics.com/

3 https://sourcesup.renater.fr/www /cvlink/

4 https://www.ni.com/en-us.html
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ters (inputs, outputs) were performed and managed online using a single MATLAB / Simulink program
and a simulation step of 0.2 seconds.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Here, a novel fabrication method for 4D nanorobotic systems via ion-induced folding is introduced. By tailoring the pat-
terning and folding parameters, dynamic 4D microstructures with personalized properties are achieved using planar multi-
layer structures obtained by batch fabrication. High nanorobotic performances have been demonstrated theoretically and

experimentally through a folded gripper.



