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1. Introduction

The next-generation of electronic circuits will include manufactur-
ing in 3D space.[1,2] 3D circuits and devices will open up possibili-
ties for further miniaturization and achieve geometries
inaccessible so far for planar technologies. However, with the grow-
ing complexity and continuous miniaturization, pick-and-place

assembly techniques also become more
challenging.[3] Tiny components can be eas-
ily damaged due to excessive mechanical
loads applied to fragile 3D architectures dur-
ing the standard pick-and-place processes.[4]

Therefore, extensive mechanical evaluation
of these structures is required to understand
and prevent damages, and increase assem-
bly yield and board-level reliability. A deep
understanding of their mechanical behavior
will lead to the right choice of materials,
proper design parameters, appropriate
manufacturing, and integration processes.

Rolled-up nanotechnology has offered an
advanced platform based on strain engineer-
ing to deterministically rearrange 2D nano-
membranes into 3D structures realizing
complex 3D micro- and nanoelectronic
as well as optical and microfluidic compo-
nents.[5–9] Over the past decades SRM-based
electronic devices with outstanding perfor-
mance such as SRM capacitors,[10–14] induc-
tors,[15–19] transistors,[20–22] sensors,[23,24]

diodes,[25] and antennas[26] have been suc-
cessfully demonstrated. The SRM devices are by nature thin-film
structures that are self-assembled into 3D microarchitectures.
There can be a huge ratio between device dimension and wall
thickness, which can reach values >1000, making these
structures mechanically susceptible to vanishingly small loads,
such as surface tension of liquids, touch with tweezers, or
simple air flow.
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Self-assembled Swiss-roll microstructures (SRMs) are widely explored to build up
microelectronic devices such as capacitors, transistors, or inductors as well as
sensors and lab-in-a-tube systems. These devices often need to be transferred to a
special position on a microchip or printed circuit board for the final application.
Such a device transfer is typically conducted by a pick-and-place process exerting
enormous mechanical loads onto the 3D components that may cause cata-
strophic failure of the device. Herein, the mechanical deformation behavior of
SRMs using experiments and simulations is investigated. SRMs using in situ
scanning electron microscopy (SEM) combined with nanoindentation are char-
acterized. This allows us to mimic and characterize mechanical loads as they
occur in a pick-and-place process. The deformation response of SRMs depends
on three geometrical factors, i.e., the number of windings, compactness of
consecutive windings, and inner diameter of the microtube. Nonlinear finite
element analysis (FEA) showing good agreement with experiments is performed.
It is believed that the insights into the mechanical loading of 3D self-assembled
architectures will lead to novel techniques suitable for a new generation of pick-
and-place machines operating at the microscale.
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Every year more than a trillion surface mount technology (SMT)
capacitors are produced[27,28] whichmust be positioned by pick-and-
place machines into mobile phones, laptops, and onto printed cir-
cuit boards (PCB). The conventional pick-and-place process consists
of picking up the electronic component from a feeder using a vac-
uum nozzle and transporting it to the specific location on the circuit
board. The forces applied by the pick-and-place nozzlemust be care-
fully monitored and limited as any uncontrolled pick and place with
greater force can lead to catastrophic damages.[29–33] For example, a
maximum vertical force of�1.5 N for conventional complementary
metal–oxide–semiconductor (CMOS) chips and a maximum force
of �0.8 N for 50 μm-thick photosensitive chips are allowed during
pick-and-place operations.[34] The risk of component cracking can
be controlled by selecting the proper setup and right pick-and-place
head of the pick-and-place machine. Depending on the size, shape,
and weight of the component, different nozzles such as chip or grip-
per nozzles can be used. For picking and placing SMT components,
low-force nozzle options with flat surface and a size slightly smaller
than the component body are recommended.[31,33–35] For instance,
for the standard flat chip 0402 with a length of 1000 μm and a width
of 500 μm, a standard nozzle with an inner diameter of 400 μm and
an outer diameter of 700–1000 μm is used.[36] However, pick-and-
place operation on microscale 3D components such as SRMs,
which are extremely small, should be performed with high-resolu-
tion vision systems[37] and possibly curved nozzles. Despite a large
amount of research and multifunctionalities of SRMs covering var-
ious technological disciplines, only a few attempts to study the
mechanical behavior of rolled-up architectures have been reported.
For instance, Zhang et al. evaluated mechanical properties of SRMs
using nanomanipulation in a scanning electron microscope
(SEM).[38] Müller et al. have reported mechanical deformation of
SRMs using an ex situ nanoindentation technique.[39] However,
there is no systematic study of the mechanical behavior of SRMs
determining the basic load requirements for a successful pick-
and-place operation. Comprehensive mechanical characterization
of individual SRMs can lead to more intelligent and relevant design
of these architectures allowing to withstand the significant mechan-
ical forces applied during standard assembly processes.

Here, we analyze the mechanical stability and deformation
behavior of the SRMs from both experimental and computational
perspectives. We mechanically characterize SRMs using an in
situ SEM depth-sensing nanoindentation system. Using such
a technique provides accurate load–displacement measurements
and allows to observe real-time deformations and defect dynam-
ics of the SRMs under different loading conditions. Specifically,
the impact of key geometric characteristics on the mechanical
deformation of SRMs such as the number of microtube windings
(Nw), compactness level of consecutive windings, and inner
diameter of the microtube (Dinn) are precisely evaluated.
These evaluations provide useful guidelines to develop mechani-
cally more reliable SRM devices for future electronic assembly
techniques. In addition, comprehensive nonlinear finite element
analysis (FEA) is applied to predict and compare the mechanical
behavior of SRMs. Accurately determining mechanical behavior
of SRMs is helpful not only to develop a basis for structural
design and optimization of fabrication parameters but also to
provide key process parameters for the new generation of
pick-and-place machines capable of supporting assembly of a
wider range of 3D component dimensions and geometries.

2. Fabrication of Self-Assembled SRMs

To create SRMs, we applied the dry fluorocarbon (FC) layer-
assisted and heat-induced rolling method[40] which relies on the
adhesion–delamination phenomenon at the interface of different
materials. It uses hydrophobicity of FC polymers and the thermal
expansion difference of polymers and inorganic materials upon
heat treatment. This technique is able to control the winding inter-
facial defects (voids and looseness) and create largely interfacial
defect-free multiwinding SRMs. Such a dry release method min-
imizes the complexity of the fabrication process by eliminating the
sacrificial layer etching step during the self-assembly process.

As shown in Figure 1a, the fabrication process starts with dip
coating of the FC layer on a Si substrate. To improve the adhesion
between the FC layer and the substrate, we heat the sample to
120 �C for 2min. Afterward, the strained layers are deposited
by electron beam evaporation at a low-temperature condition
(<60 �C). After the deposition process, the samples are heated
on a typical hotplate between 140 and 160 �C. Large thermal
stress builds up at the inorganic nanomembrane/FC interface
due to the large difference in the coefficients of thermal expan-
sion (CTE) of the polymer FC layer and inorganic layer upon
heating. This stress separates the nanomembrane from the poly-
mer FC layer and rolls it into an ultracompact SRM (mechanism
I). The FC layer not only provides an antiadhesion surface for the
deposited layers, but also has a very low adhesion to the substrate
surface, itself. Therefore, based on mechanism II, the FC poly-
mer layer can separate from the substrate and (partially or totally)
roll up with the strained nanomembrane.[40] The SEM images in
Figure 1b show the planar strained nanomembranes comprising
a Ti/Cr bilayer and the SRMs released by a 200 nm-thick FC poly-
mer layer upon heating on a hotplate at 140 �C for a few minutes.
Cross-sectional SEM images (Figure 1c) reveal the effectiveness
of the dry FC-assisted rolling mechanism for creating highly
symmetric and compact SRMs made of different material com-
binations and winding numbers.

3. Mechanical Testing

Nanoindentation methods are well suited to probe the mechani-
cal loading during a pick-and-place process.[41–48] In nanoinden-
tation tests, a miniature and highly sensitive hardness tester, the
nanoindenter, is used for the load and displacement measure-
ments. The force needed to press the indenter into a test object
is continuously recorded as a function of the depth of indenta-
tion. The mechanical fingerprint of the materials behavior to the
contact deformation can be provided by the nanoindentation
load–displacement curves.[47] Most of the nanoindentation data
such as the load–displacement curves are collected ex situ and
the indentation images are captured postmortem. In these sys-
tems, the deformation behavior of the testedmicro- or nanostruc-
tures has to be interpreted based on the load–displacement
responses and the indentations. Using a nanoindentation system
inside a SEM is more informative and provides real-time
indentation-induced structural deformation data.[48]

With regard to the geometry and structural dimensions of
SRMs studied in this work (e.g., inner diameter of 3–11 μm)
and the typical chip nozzle for a standard pick-and-place
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operation, we used an in situ nanoindentation system equipped
with a 5 μm diameter flat cylindrical punch (Figure 1d). The
capability to perform indentation tests over a wide range of loads
from μN to mN and accurately position the indenter on the
microscale objects enables us to estimate the critical forces for
the pick-and-place of SRMs.

Typical load–displacement curves were obtained in the
load-controlled (LC) mode. Considering the speed at which
the pick-and-place head would move toward and out of SRMs,
different loading rates were used. For instance, the loading rate

for a peak load of 400 μN was set to 200 μN s�1. A creep test was
also performed to check whether the mechanical stability of the
SRMs is sensitive to possible hold times during the (manual)
pick-and-place operation. The effect of creep was studied
at 400 μN with a hold period of 60 s at the maximum
load. Moreover, cyclic nanoindentation tests[49,50] were per-
formed to determine the fatigue behavior of the rolled-up
microtubes. Some of the indentation conditions for the
typical LC, time-dependent, and cycling tests are shown in
Figure 1e–g.

Figure 1. Mechanical characterization of compact SRMs fabricated by FC-assisted rolling technique. a) Schematic illustration of the dry FC-assisted
rolling fabrication process. b) SEM images of the planar nanomembranes comprising of the bilayer of Ti/Cr and the SRMs detached by a 200 nm-thick
FC layer upon heat treatment at 140 �C. Scale bars are 200 μm. c) Cross-sectional SEM images of the compact SRMs made of different material combi-
nations and windings number. Scale bars are 5 μm. d) In situ SEM nanoindentation system equipped with a 5 μm diameter flat cylindrical tip. Scale bar is
5 μm. e–g) Nanoindentation loading–unloading conditions including: e) LC test at different maximal applied forces with different loading rates, f ) creep
test at maximum load of 400 N and holding time of 60 s, and g) cyclic test at maximal force of 400 μN for 50 cycles.
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4. Numerical Simulations

FEA was performed by a commercial software tool ANSYS 17.2
Academics. Accurate replication of the experimental testing
conditions in the models gives us the opportunity to easily vary
the parameters or experimental conditions. This allows to explore
different scenarios and provide guidelines for the proper design
of further indentation experiments. Moreover, the computational
models can be used to determine quantities that cannot be easily
measured experimentally.

In the simulation analysis we assumed the compact SRM to be
a hollow cylindrical structure. To replicate the experimental
conditions for the bilayer microtubes, the thickness of a single
winding was set to 0.035 μm. The total wall thickness of a micro-
tube with a specific number of windings is given by

twall ¼ Nw � 0.035 (1)

where twall is the overall thickness of the microtube wall andNw is
the number of windings. A bilinear isotropic metal plasticity
model and a titanium alloy for the microtube material were
selected for our numerical designs. Similar to the experiments
the microtubes are indented by a 5 μm diameter flat cylindrical
uncompressible object. The mechanical behavior of the
microtubes upon application and subsequent removal of the
displacement loads was examined. The models were used to
determine the magnitude and distribution of deformation,
stress, and strain in the microtubes.

5. Results and Discussions

5.1. Effect of Number of Windings

To investigate the effect of Nw on the mechanical behavior of
SRMs, we fabricated SRMs consisting of Ti (15 nm)/Cr
(20 nm) with Nw ¼ 5, 15, and 50 keeping Dinn¼�3 μm constant
(see Experimental Section). The SRMs were mechanically
indented on a Si substrate and load–displacement curves were
obtained under different loading conditions. The deformation
behavior of the compact SRMs with different number of wind-
ings under different loading conditions is shown in Figure 2a–f.
Figure 2a compares the load–displacement curves obtained in
the LC mode at a maximum load of 400 μN. It is observed that
the penetration depth of the nanoindentation tip for the SRM
with Nw of 5 is around �1050 nm, which is considerably higher
than the displacement values of �130 and �35 nm for the
15- and 50-winding SRMs, respectively. The stiffness of the
SRM, S, which is determined as the slope of the unloading curve
at the maximum loading point, increases dramatically from�1.8
to �33 kNm�1 when Nw increases from 5 to 50. Moreover, the
pop-in event as a sudden displacement excursion in the loading
section of the load–displacement curve reflects the permanent
damage of this SRM below the nanoindenter tip.[42–44] Inset
SEM images reveal the damage of the five-winding SRM after
applying the maximum load of 400 μN. In contrast, no obvious
abnormal events are observed in the load–displacement curves of
the 15- and 50-winding SRMs, which confirms their mechanical
stability under this loading condition. For less windings (e.g.,
five), the exact position of the nanomembrane edge might also

play a role and should be considered to fully understand the
mechanical behavior of the SRM (more detail in Figure S1,
Supporting Information).

To further analyze the effect of Nw on the mechanical defor-
mation of the SRMs, we continued the LCmode indentation tests
on the thicker and more stable 15- and 50-winding SRMs at
different applied forces ranging from a maximum load of 200
to 3200 μN, as shown in Figure 2b. The figure clearly reveals that
the displacement values for the 50-winding SRM under the same
loading conditions is much lower compared with the 15-winding
SRM, which indicates higher mechanical stiffness of the thick-
walled 50-winding SRM. At the maximum load of 3200 μN, the
displacement of the 15-winding SRM is �1750 nm and it under-
goes around �70% irreversible deformation. In contrast, the
50-winding SRM only experiences a displacement of �400 nm
and permanent deformation of around �48% when it is
subjected to this high load. Moreover, it is apparent that the
load–displacement plot of the 15-winding SRSM at the
maximum load of 3200 μN has deviated from the ideal shape
and some abnormal phenomena such as pop-ins in the loading
sequence appear. As the SEM inset image clearly shows, these
abnormal events are related to the permanent damage of the
SRM below the indenter tip. However, as no mechanical damage
was observed during the indentation of the 50-winding SRM and
its load–displacement curve does not contain any abnormal
shapes, it can be concluded that this thick-walled SRM is
mechanically stable even under the severe loading situation.

Accurately controlling the applied loads in the nanoinden-
tation system allows for sensitive creep displacement meas-
urements. To evaluate the time-dependent behavior, we
applied a 60 s hold segment at the maximum load of
400 μN. Typical nanoindentation load–displacement plots
for the 15- and 50-winding SRMs with the peak indentation
load-holding segment are shown in Figure 2c. Based on the
creep load–displacement plots, the thicker SRM with 50 wind-
ings shows a creep depth of around �10 nm, while for the
15-winding SRM, creep deformation of approximately
�90 nm is observed. These nanoindentation creep results
demonstrate that the thick-walled SRM undergoes lower creep
deformation than the thinner ones.

To evaluate the fatigue behavior of SRMs, we used nanoinden-
tation by applying cyclic loading at the same location on the SRM.
Cyclic indentation tests were conducted under a LC mode in the
load range from 50 to 400 μN for various cycling numbers.
Figure 2d shows the load–displacement curves of cyclic indenta-
tion for maximum loading–unloading cycles of 50 and 650 for
the 50- and 15-winding SRMs, respectively. The indentation dis-
placement continues to increase for the full duration of the tests
for both SRMs. Based on the cyclic data, a maximum displace-
ment of around �70 nm is measured for the 50-winding SRM
after 50 indentation cycles compared with a maximum penetra-
tion depth of around �200 nm for the 15-winding SRM. By
increasing the number of cycles to 650 for the 15-winding
SRM, the displacement of the indenter reaches around
�570 nm. Figure 2e,f shows that except for the larger plastic
deformation after the first cycle, the plastic displacement of each
cycle slightly decreases and saturates. No fatigue failures
occurred for the 15-winding SRM after 650 cycles.
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We simulated the mechanical behavior of the compact micro-
tubes with different Nw of 2, 5, 10, 15, 20, 25, and 50 to under-
stand the impact of Nw (twall) on their mechanical behavior. The
geometry of a compact microtube with twall ¼ 0.07 μm, which is
equivalent to Nw ¼ 2 and Dinn ¼ 3 μm, is shown in Figure 3a.
The microtube is deformed with a 5 μm flat cylindrical indenter,
while the whole microtube is placed over a rigid substrate.
Comparison of the results including the deformation behavior,
stress, and strain distribution for the microtubes with Nw ¼ 2,
10, 25, and 50 is shown in Figure 3b. The contour plots reveal

how the mechanical stability of the microtubes increases when
Nw (twall) increases from 2 to 50. While the two-winding micro-
tube is permanently damaged with a small indentation load of
120 μN, the microtube with 50 windings remains completely
undamaged even when it is subjected to a load of 1800 μN.
The thick-walled microtube (Nw¼ 50) does not experience any
plastic deformation compared with the thin-walled one
(Nw¼ 2) with a large amount of plastic deformation.

The load–displacement curves for the compact microtubes
with different Nw ranging from 2 to 50 are shown in

Figure 2. Effect of winding number on mechanical behavior of SRMs. a) Load–displacement curves of the SRMs with different winding numbers of 5, 15,
and 50 at maximum load of 400 μN obtained by LC tests. Inset: SEM images of five-winding SRM before and after applying maximum load of 400 μN.
Scale bar: 2 μm. b) Mechanical behavior of the SRMs with 15 and 50 windings in LC mode tests at maximum applied load of 800, 1600, and 3200 μN.
Inset: SEM image revealing the damage of 15-winding SRM upon applying maximum load of 3200 μN. Scale bar: 5 μm. c) Creep behavior of 15- and
50-winding SRMs at maximum load of 400 μN. d–f ) Fatigue deformation of compact SRMs with 15 and 50 windings over 650 and 50 cycles, respectively,
in the load range from 50–400 μN. All the microtubes are made of Ti (15 nm)/Cr (20 nm) and released from a thin FC layer. The inner diameter of the
microtubes Dinn is �3 μm.
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Figure 3. Simulation analysis on effect of windings number on the mechanical behavior of SRMs. a) Geometry detail of a microtube with Nw of 2 (wall
thickness, tw, of 0.07 μm) andDinn of 3 μm. The load is applied by a 5 μm diameter flat cylindrical object. b) Comparison of the mechanical behavior of the
compact microtubes with different Nw. Deformation behavior, distribution of stress and strain in the microtubes with 2, 10, 25, and 50 windings at
maximum loads of 120, 800, 1600, and 1800 μN, respectively. c) Comparison of the load–displacement curves for the compact microtubes with different
Nw ranging from 2 to 50. d) Comparison of the load–displacement plots for the SRMs and simulated microtubes with 5, 15, and 50 windings.
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Figure 3c. The curves clearly demonstrate stiffness of the micro-
tube; S increases dramatically as the winding number increases.
The microtube with two windings, which has the thinnest wall,
exhibits the lowest stiffness, while the 50-turn microtube, as the
thickest one, is the most mechanically stable microtube. The
stiffness changes by a factor of �80 from �0.5 kNm�1

(Nw¼ 2) to �40 kNm�1 (Nw¼ 50).
We compared the results from the FEA with experimental

data. The load–displacement curves of the simulated compact
microtubes and SRMs with 5, 15, and 50 windings are shown
in Figure 3d. Both experimental and FEA load–displacement
curves follow similar trends as increasingNw causes the mechan-
ical stability of the microtubes to increase. Quantitatively, there
are some differences in the displacement magnitudes, which is
due to the simplification in the models that do not consider the
sliding of the windings as evident for the real rolled-up micro-
tubes. Moreover, the creep effect, which is clearly found in
the experimental load–displacement curves, and the influence
of the load rates have not been considered in FEA as the applied
material does not include viscoelastic effects. Furthermore,
based on the FIB/SEM and energy dispersive X-ray (EDX)
analysis of the compact SRMs, the existence of the FC layer (par-
tially or totally) within the SRM windings is confirmed. The
presence of the flexible polymeric FC layer[51] in the windings
helps to increase the flexibility of the SRMs causing higher
plastic deformation before breakage and improving the fatigue
behavior of the SRMs.

This mechanical analysis provides an estimate for the maxi-
mum allowed forces in a pick-and-place process for SRMs.
The results show that the maximum applied force strongly
depends on the number of windings (wall thickness) of the
SRM. To prevent any excessive force exceeding fracture strength
of the SRM, position and travel distance of the nozzle should be
accurately programmed. For instance, for a thin SRM (Nw of
5) the pick-and-place force should be kept below �200 μN to
avoid mechanical damages, while the thick SRM (Nw of 50)
can withstand forces as high as �3200 μN.

5.2. Effect of Winding Compactness

To evaluate the impact of the winding compactness on the
mechanical behavior, we prepared noncompact bilayer SRMs
as control structures (see Experimental Section) and compared
their mechanical deformation with compact SRMs possessing
the same Nw (15) and Dinn (�3 μm). Figure 4a shows the typical
load–displacement curves obtained in LC mode for different
applied forces of 100, 200, and 400 μN for the noncompact
and compact SRMs. SEM images (Figure 4a insets) reveal the
tightness of the windings in these SRMs. Regardless of the wind-
ing number, SRMs with high compactness exhibit much higher
mechanical stability under different loading conditions. While
the compact SRM is completely stable at even 400 μN peak load,
the noncompact SRM exhibits severe plastic deformation already
at a low applied force of 100 μN. The pop-ins, which are observed
during the loading sequence of the noncompact SRM, are caused
by sudden displacements due to the spaces between consecutive
windings or the result of breakages within individual windings.
The presence of many separated thin windings due to a large

number of interfacial defects in the noncompact SRM provides
less resistance to deformation upon loading. The presence of
large spaces between the windings (voids) can cause the collapse
of the individual windings even under low loading conditions.
However, narrow gaps between adjacent windings are not critical
as they vanished at low loading rates and as a result resistance to
deformation increases. The correlation between the occurrence
of pop-ins in the loading part of the load–displacement curve and
the emergence of plastic damage in the SRMs windings has been
analyzed and presented in Figure S2 and Movie S1, Supporting
Information.

We also simulated the effect of compactness on the mechani-
cal behavior of the microtubes by FEA. For this purpose, we
designed a noncompact microtube with Dinn¼ 3 μm and
Nw¼ 15 (twall¼ 0.525 μm), which includes winding interfacial
defects (two voids) in the upper part of the microtube beneath
the indenter tip. The geometry details of this microtube are
shown in Figure 4b. Similar to the compact microtube, the
indentation process was done with a 5 μm diameter flat
cylindrical object. The deformation behavior of the microtube
as well as stress and strain relations upon loading and unloading
is shown in Figure 4c. The deformation plots display how the
windings (Bw) separated by the voids are compressed and
irreversibly deform upon applying the indentation load. Stress
concentration beneath the indenter tip and especially around
the indenter edges can be detected. Contour plots reveal plastic
deformation in the thin layers beneath the indenter tip after
removal of the load.

The load–displacement curves of the simulated noncompact
microtubes “see” two voids, as shown in Figure 4d. The slope
of the loading part of the curve locally changes as the indentation
load increases. These changes are related to the compression of
the thin separated Bw upon the indentation process. As displayed
in the upper left inset of the graph (Figure 4d), by inserting two
interfacial defects between the windings three discrete Bws
are created in the microtube wall. By increasing the applied
load, the space between the Bws beneath the indenter tip
completely vanishes and the windings get in contact.
Consequently, thicker winding groups with higher deformation
resistance are formed which cause the slope of the loading part
of the curve to become steeper.

We compared both mechanical behaviors achieved in simula-
tions and experiments for microtubes with different compact-
ness, as shown in Figure 4e. The load–displacement curves
for the compact and noncompact microtubes both with
Nw ¼ 15 and Dinn ¼ 3 μm demonstrate higher mechanical stiff-
ness for the compact microtubes compared with the noncompact
ones. The shapes of the loading parts of the load–displacement
curves are quite different. In contrast to the noncompact micro-
tubes, the loading part of the curve for the compact microtube
has a regular and uniform shape without any noticeable inden-
tation events. The noncompact microtube deforms up to
�875 nm when indented with a load of 600 μN, while the
compact one experiences only �95 nm deformation when the
same indentation load is applied. Moreover, there are strong
differences in the amount of plastic deformation between these
two classes of microtubes. The noncompact microtube experien-
ces a plastic deformation of �72% upon applying a maximum
load of 670 μN compared with the compact microtube with
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�35% irreversible deformation upon indentation with a load of
900 μN. The subtle effect of the void position on the mechanical
deformation of a noncompact microtube is studied in Figure S3–
S6, Supporting Information.

The load–displacement plots for the compact and noncompact
SRMs, and simulated indentations are shown in Figure 4f. In
both cases, the noncompact microtubes have lower mechanical
stiffness, higher irreversible deformation, and abnormal

Figure 4. Effect of windings compactness level on the mechanical behavior of SRMs. a) Comparison of the load–displacement curves obtained under LC
mode at 100, 200, and 400 μN peak loads for the compact and noncompact SRMs with Nw of 15 and Dinn of �3 μm. The microtubes are made of Ti
(15 nm)/Cr (20 nm). The inset SEM images reveal the compactness quality of the SRMs. Scale bars are 5 μm. b) Geometry detail of a simulated non-
compact microtube with two voids between the windings and Dinn of 3 μm. The total thickness of the wall is 0.525 μm, which is corresponded to 15
windings. c) Deformation behavior, distribution of stress and strain in the noncompact microtube upon applying peak load of 670 μN during loading and
unloading steps. d) Simulated load–displacement behavior of the noncompact microtube with two voids and three bunches of winding, Bw. The contour
plots of the deformed microtube display how Bws are compressed to each other upon applying the indentation load. e) Comparison of the
simulated load–displacement curves for the compact and noncompact microtubes with the same Nw of 15 and Dinn of 3 μm. f ) Comparison of
the load–displacement plots for the compact and noncompact simulated microtubes and SRMs.
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load–displacement curves compared with the compact ones. In
both simulations and experiments, the presence of the defects
between windings results in local changes in the slope during
the loading parts of the load–displacement curves. However,
regardless of the creep, load rate effects, and the possible sliding
of windings, the shape of the experimental and simulated curves
does not fully match, which we attribute to a different number,
kind, and distribution of the interwinding defects between the
real structures and the FEA model.

The winding compactness of SRMs can drastically affect the
maximum critical forces allowed for the pick-and-place process.
The noncompact SRMs can easily break even if handled with a
low pick-and-place force of 100 μN, compared with the ultracom-
pact 15 winding SRMs, which can withstand forces up to 1.6mN.
An accurate adjustment of the nozzle pressure and movement is
challenging when manipulating noncompact SRMs required to
minimize SRM component cracking, as the number, kind, and
distribution pattern of the interwinding defects is not known and
can vary drastically from structure to structure. Precise control of
pick-and-place nozzle pressure can be, however, precisely
controlled based only on the knowledge of the wall thickness
and diameter of compact SRMs.

5.3. Effect of Inner Diameter

The mechanical behavior of SRMs is also influenced by the
inner diameter of the microtube, Dinn. According to the
Timoshenko formula,[52] the bending curvature of a bilayer
system can be controlled by Young’s modulus, initial thickness,
and misfit strain of the deposited layers. Based on the results of
our previous work,[40] we found that the inner diameter of the
SRM can be easily tuned by the initial thickness of the stained
nanomembrane. To analyze the effect of this geometrical factor,
SRMs with Dinn¼�11 μm were prepared using a thicker nano-
membrane and compared with bilayer SRMs with Dinn¼�3 μm
(see Experimental Section for fabrication details). The SRMs
with the large inner diameter (Dinn¼�11) possessing different
number of windings of 5 and 15 were indented under LC con-
ditions reaching various maximum loads ranging from 100 to
800 μN. Mechanical responses of SRMs in terms of Nw at
the maximum load of 800 μN are shown in Figure 5a. The
five-winding SRM was mechanically fragile and partially broke
at this loading condition in contrast to the 15-winding SRM,
which shows a normal load–displacement curve, indicating its
high mechanical stability. The pop-ins appearing in the load part
of the curve signify a permanent mechanical damage in the five-
winding SRM. However, the SEM images shown in Figure 5b
for the large and compact five-winding SRM loaded up to a max-
imum force of 600 μN reveal that the large deformation upon
applying the load can be recovered without considerable perma-
nent deformation or structural collapse after removing the force.
Although a microscopic analysis of the outer surface of the SRM
after the nanoindentation revealed no permanent mechanical
damages such as cracks or even sensible changes in the circu-
larity of the SRM, the presence of a pop-out event[45,53] in the
load–displacement curve during the unloading process and
some irregularities in the shape of the loading part can be attrib-
uted to some slight plastic deformation inside the SRM

(Figure 5c). The local deformation at the contact interface of
the compact five-winding SRM and the indenter tip upon load-
ing is shown in more detail in Figure S7, Movie S2, S3,
Supporting Information.

The difference of the load–displacement curves for the SRMs
with Dinn¼�3 and �11 μm with the same Nw of 15 at various
maximum loads of 200, 400, and 800 μN is shown in Figure 5d.
The comparison shows that the penetration depth under the
same loading condition for the SRM with larger Dinn of
�11 μm is around ten times larger than for the SRM with
Dinn of �3 μm, which proves higher mechanical stiffness of
the small SRM. These findings indicate that the mechanical
behavior of the SRMs is following the “smaller is stronger”
phenomena as the deformation stiffness is higher for the
SRMs with smaller diameter.[54]

We also investigated the diameter effect by performing FEA.
We designed a microtube with a large Dinn of 11 μm and twall
of 0.525 μm, which is equivalent to the wall thickness of a
15-winding bilayer microtube. The simulated large diameter
microtubes were indented under the same conditions as the small
diameter microtubes. Figure 5e shows the geometry details of the
designed microtube. The deformation contour plots and stress
and strain distribution upon applying the peak load of 430 μN
during the loading and unloading steps are shown in
Figure 5f. These results confirm that there is no plastic deforma-
tion after removal of the load and the large diametermicrotube has
experienced only the elastic strain under the indentation process.

The mechanical behavior of the simulated microtubes
with Dinn ¼ 3 and 11 μm is shown in Figure 5g. The load–
displacement curves reveal that the microtube with small Dinn

is much stiffer than the microtube with large Dinn, which is
consistent with the experimental results. The small diameter
microtube deformed only up to �60 nm at the load of 400 μN,
while the large diameter microtube experienced an indentation
depth of �550 nm upon the same indentation load. The small
diameter microtube has a stiffness of �6.7 kNm�1, which is
around �9 times stiffer than the large diameter microtube with
a stiffness of �730 N m�1.

The load–displacement curves for the experimental SRMs and
simulated microtubes are shown in Figure 5h. The same trend
can be found for both the computational study and the
experimental data regarding the effect of Dinn on mechanical
deformation of the microtubes. In both cases, increasing Dinn

in the microtube results in a lower mechanical stiffness.
However, as already pointed out, some assumptions made for
the simulation analysis lead to a mismatch for the shape
of the load–displacement curves between the simulated and
experimental results.

Concerning the pick-and-place operation, although the bigger
diameter SRM (Dinn ¼ 11 μm) is less stiff than the small diame-
ter one (Dinn¼ 3 μm) and undergoes much larger deformations,
the deformation is mostly elastic and can be recovered after
the 3D device is placed on a microchip or a PCB without
considerable damage. Our studies reveal that more precise
alignment of the pick-and-place nozzle is required for operation
on smaller SRMs, which is more challenging than operations
with bigger SRMs. This may require a longer grasping time
for the smaller SRMs.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 23, 2100412 2100412 (9 of 12) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


6. Conclusion

We have investigated the mechanical behavior of compact SRMs
fabricated by a dry rolling technique using an in situ SEM
nanoindentation system equipped with a flat cylindrical punch
tip. Our experiments mimic loading conditions present in,
i.e., a pick-and-place process required for final application of
microscale discrete passive electronic components. Accurate
load–displacement measurements and complete observation of
the deformed SRMs inside SEM enabled us to detect the
real-time deformation of the SRMs upon loading and removal
of the load. Mechanical characterization of the SRMs under
different loading conditions with different loading rates, creep,
and cyclic loading was conducted. We found that the mechanical
deformation response of multiwinding SRMs can be controlled
by three geometric parameters, including the number of wind-
ings, compactness of consecutive windings, and inner diameter
of the microtube. Increasing the microtube winding number
leads to higher stiffness. The SRM stiffness increased from

�1.8 to �33 kNm�1 when the number of windings increased
from 5 to 50. We also observed that thicker walled SRMs exhibit
less creep under the same load indentation. The maximum pen-
etration depth per cycle of thicker walled SRM was lower than
those of thinner walled SRM, suggesting that thicker walled
SRMs have higher cyclic penetration resistance. We demon-
strated that the tightness between neighboring windings contrib-
utes significantly to the stability of the SRMs. Noncompact SRMs
exhibited lower mechanical stiffness, higher irreversible defor-
mation, and abnormal load–displacement curves compared with
the compact ones. Indenting the SRMs with different inner
diameters revealed that the smaller SRMs are mechanically
stiffer than their large diameter counterparts. However, the large
diameter SRMs showed excellent deformation recovery after the
unloading process. Numerical FEA revealed the influence of the
three geometrical parameters on the deformation behavior of the
microtubes. All the simulation results were compared with the
experimental data. The good agreement between the experimen-
tal results and the simulation analysis demonstrated the adequate

Figure 5. Effect of inner diameter on the mechanical behavior of SRMs. a) Load–displacement curves for the compact SRMs with Dinn of�11 μm andNw

of 5 and 15 at maximum load of 800 μN under LC mode tests. b) SEM images show the sequence of deformation response of the five-winding SRM at
maximum load of 600 μN. Scale bars are 5 μm. c) Load–displacement curve for the compact five-winding SRM upon applying maximum load of 600 μN
which reveals a pop-out event in the unloading step. d) Comparison of the load–displacement curves for the compact SRMs with Dinn of�3 and�11 μm
at various pick loads. e) Geometry detail of a microtube with Dinn of 11 μm and Nw of 15. f ) Deformation behavior, distribution of stress and strain in the
microtube upon applying maximum load of 430 μN during loading and unloading steps. g) Simulated load–displacement curves for the compact micro-
tubes withDinn of 3 and 11 μm. h) Comparison of the load–displacement plots for the compact SRMs and simulatedmicrotubes withDinn of 3 and 11 μm.
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in situ mechanical characterizations of the SRMs using the nano-
indentation system. Moreover, we can conclude that forces from
hundreds of micro-Newton to a few milli-Newton depending on
the wall thickness and inner diameter of the compact SRMs can
be applied during the pick-and-place operation.

Thorough mechanical analysis presented here facilitates the
development of novel head technologies for new pick-and-place
equipment compatible with high-volume manufacturing
using 3D self-assembled components. The new head techniques
must be capable of safe handling of these irregular-shaped
SRMs structures and consider unwanted adhesive forces domi-
nant at microscales during detachment and placement steps.
Furthermore, accurate vacuummeasurement and high-resolution
vision systems will be necessary to detect these tiny structures.

7. Experimental Section

Preparation of FC Layer: Silicon substrate was first cleaned by
immersion in DMSO, acetone, and isopropanol. The process was followed
by O2-plasma etching step for removal of residuals from the surface of the
substrate. The FC layer was dip coated on silicon substrate by immersion
in bath of a fluropolymers solution (3M Novec 1700 Electronic Grade
Coating). Afterward, the FC-coated substrate was heated at 100 �C for a
minute to evaporate the extra solvent. Different FC solution concentra-
tions can be prepared by means of a FC-based solvent (3M Novec
Engineered Fluid 7100).

Photolithographic Patterning of Strained Nanomembrane on FC Layer: To
improve the adhesion of the FC layer onto the substrate during the pat-
terning process, first a monolayer of Ti-Prime was spin-coated at 3500 rpm
for 20 s. After coating the FC layer and prior to photoresist processing, a
second layer of Ti-Prime was spin-coated on the FC layer to guarantee
good uniformity of the photoresist on the FC layer. Afterward, AZ5214E
photoresist (MicroChem) was spin-coated on the FC layer at 4500 rpm
for 35 s and then was baked for 5 min at 90 �C on a hot plate. The exposure
step was done using μPG 501 maskless aligner system (Heidelberg). After
postbaking process for 2 min at 120 �C, flood illumination for 30 s was
done by a MJB4 mask aligner system (SUSS MicroTec). The development
process was done in AZ 726MIF (MicroChem) for 45 s. After deposition of
the strained nanomembrane, lift-off process was done in an ultrasonic
bath of concentrated aqueous-alkaline AR 300-35 developer (Allresist)
for several minutes.

Fabrication of Small Dinn SRMs: The strained bilayer nanomembrane
consisting of Ti (15 nm)/Cr (20 nm) was deposited in an e-beam evapo-
rator (IM9912-Micronova). The deposition rates of 2.5 and 3 Å s�1 for Ti
and Cr were set, respectively. To prevent the crack formation during the
deposition, the temperature inside the evaporator was kept below 60 �C.
For the compact microtubes, a thin FC layer (thickness of �40 nm) was
used to detach and roll up the bilayer upon heat treatment at 160 �C on a
hotplate. To prepare the noncompact SRM, the bilayer nanomembrane of
Ti (15 nm)/Cr (20 nm) was released by a thick FC layer (�100 nm). The
compactness level of the SRM windings can be controlled by the FC layer
thickness.

Fabrication of Large Dinn SRMs: The inner diameter of the SRMs can be
tuned by the initial thickness of the nanomembrane. The thick multilayer
nanomembrane consisting of Ti (15 nm)/Cr (20 nm)/Al2O3 (10 nm)/Cr
(30 nm)/Al2O3 (10 nm) with the total layer thickness of 85 nm was rolled
up by a thin FC layer (�40 nm) upon thermal annealing at 160 �C on a
typical hotplate. The metallic layers of Ti and Cr were evaporated at the
low temperature (<60 �C) and deposition rates of 2.5 and 3 Å s�1, respec-
tively. Al2O3 layers were deposited by atomic layer deposition (ALD) at
80 �C with the rate of 1.1 Å per cycle (SavannahTM 100, Cambridge
NanoTech Inc.).

Cross-Sectional Characterization of SRMs: The images of the fabricated
SRMs were prepared by means of a SEM (NVision 40 CrossBeam, Carl
Zeiss). The acceleration voltage was 2–5 kV. For the cross-sectional

images, an attached Ga-ion FIB milling column for vertical cutting was
used (Zeiss NVision40 dual-beam).

Mechanical Characterization: All the mechanical characterization
experiments were performed using an in situ SEM (Zeiss Auriga
CrossBeam 40) nanoindentation system (Bruker Nanoindenter PI88)
equipped with a 5 μm diameter flat cylindrical punch diamond tip.
Before each measurement the displacement drift was measured over a
time of 30 s and only if the drift was below 0.5 nm s�1 and did not change
significantly over time, the actual measurement was performed. Using the
obtained displacement drift, all the measured data were corrected.

FEA: The simulation analysis was conducted using ANSYS software
(version 17.2 Academics). The compact microtube was assumed to be
a typical hollow cylindrical structure. The metal plasticity model of bilinear
isotropic and the titanium alloy as the material of the microtube were
selected. Materials data used for the simulation of the microtubes were
Young’s modulus of 96 GPa, Poisson ratio of 0.36, yield strength of
930MPa, tangent modulus of 2150MPa, and shear modulus of
35.3 GPa. The microtubes were indented vertically by a 5 μm diameter flat
cylindrical object. Directional deformation in Y direction, equivalent von
Mises stress, and equivalent elastic strain in the solid microtube were
measured. Depending on the microtube wall thickness (twall) and the inner
diameter of the microtube (Dinn), various displacements from 0.05 to 1 μm
were applied.
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the author.
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