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Micro- and nanobots capable of controlled propulsion at low Reynolds number are expected to change many
aspects of medicine by enabling targeted diagnosis and therapy and allowing minimally invasive surgery. Several
types of helical swimmers with different actuation mechanisms have been proposed. As materials become
smarter and more advanced, the boundaries between robots and materials have become less apparent. The goal
of the present work is to develop a smart nested design or uncoiled design of temperature-sensitive helical
swimmers adapted to low Reynolds number. The regulation of swimming velocity should provide numerous
options for designing various small-sized, high-speed, motion-controllable robots for environmental and
biomedical applications. To investigate the thermomechanical properties of swimmers, we present systematically
theoretical modeling, experiments, and numerical calculations of temperature-sensitive shape-memory helical
structures. Moreover, this work demonstrates differences in movement attributed to single or nested, folded or
unfolded, and coiled or uncoiled helical structures with diverse configurations, which provide a reliable design
strategy. The swimming capability can be regulated by the configurations, especially the swimmer radius. We
also provide an intuitive Ashby selection map and explain the mechanical mechanism by which structure affects
locomotion capability. The proposed smart helix-based swimmers should find thermomechanical coupling in
applications involving active matter, biomedical sensing, and targeted drug delivery.

1. Introduction morphologically responsive materials with a substantial potential for a

variety of applications in both engineering industries (e.g., aeronautics,

Nature inspires the development of smart micro- and nanobots, of
which the helix is one of the most common structural motifs. Helixes
appear in different dimensions and are required in numerous practical
applications (see Fig. 1) [1-3]. Inspired by the “run-and-tumble”
behavior of Escherichia coli (E. coli), microswimmers driven by rotation
of the spiral tail have been designed and applied to diverse biomedical
applications, including targeted drug delivery [4-6], precision nano-
surgery [7,8], and diagnostic sensing [9,10]. These bots represent a class
of micromachines that can convert external chemical [11,12], acoustic
[13,14], optical [15-17], or electromagnetic [18-20] energy into the
kinetic energy generated by the swimming. The geometry and configu-
ration of these helical swimmers significantly affects their motion per-
formance [21-25]. The natural world inspires unconventional
locomotion and navigation principles that in turn can be implemented
by using smart materials. Critically, shape-memory polymers (SMPs) are
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electronics) and biomedical industries (e.g., as stents or scaffolds for the
delivery of therapeutics and cells) [26-31]. Therefore, the mechanical
and functional capabilities of SMP-based helical microrobots are
attractive because they create enticing opportunities in biomedicine,
sensing, and smart healthcare [32-37].

The fundamental principles and motion control of helical swimming
machines, with rich underlying physics and chemistry, have been used
in several comprehensive articles [38-43]. A wide range of physical
parameters has been tested to improve the classic resistive force theory
in experiments on macroscopic swimmers in highly viscous fluids [22,
44], and the complementary numerical simulations are conducted to
readily compute force, torque, and drag [44] as well as the corre-
sponding parametric analysis [45] for micro- or nanobots driven by a
rotating helical tail. In particular, some simple and versatile methods
[19,20] have been presented to establish a reconfigurable helical body
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that can continuously morph in accordance with the properties of the
surrounding fluid. Such a feature can allow the swimmer to pass through
constrictions and enhance its locomotion. The swimming characteris-
tics, dynamic morphologies, and velocity-independent planar path
following strategy [43,46] of miniature rotating magnetic swimmers
with soft tails have been studied systematically. Inspired by multi-
flagellate bacteria such as E. Coli Fig. 1(c), biomimetic-propulsion he-
lical propellers with multiple tails have been proposed [47,48]. The
hierarchical helical microswimmer [49] significantly improves propul-
sive motility while maintaining stability and resilience at a decent level.
Moreover, the magnetically induced shape-memory effect of the poly-
etherurethane sample is demonstrated [50], and a change process in
shape from a corkscrew-like spiral (temporary shape) to a plane stripe
(permanent shape) is shown to occur within 22 s [51]. Another class of
microrobots, stimuli-responsive soft materials [52,53] such as poly
(N-isopropylacrylamide), can serve as controlled actuators by using
external control signals to trigger a specific material response, thereby
providing microrobots with advanced functionalities and locomotion
strategies.

Numerous publications discuss the theory and relevant experiments
to analyze the mechanical and kinematic properties of helical structures
[54]. However, in most previous research, external power is required for
the helical swimmer to move. This power may come from, e.g., the local
chemical energy (e.g., the catalytic decomposition of hydrogen
peroxide, which generates hydrogen bubbles for self-propulsion) [11,12,
55]. Some biomimetic strategies [56-58] work well on the microscale by
using physics principles. However, these methods depend heavily on the
mechatronic components. Thus, no controllable external pulling source
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Fig. 1. Schematic representation of natural
and bioinspired helical structures on
different scales. (a) The double helix structure
of DNA. (b) Myosin is made up of one or two
heavy chains and several light chains [1]. (¢) H.
Pylori is composed of multiple helical tails. (d)
The swimming mode of the human sperm con-
sists of rotating with the “head” as a center, and
the spiral movement cleverly offsets the uni-
lateral swing to achieve symmetry. (e) Minia-
ture magnetic helical swimmer and its
obstacle-avoidance ability [2,3]. (f) The
human cochlea grows in a spiral line. (g) Auger
drilling machine for clearing snow. (h) Spiral
vortex in the sea. (i) A Hubble Space Telescope
(HST) image of spiral galaxy NGC 7742 (Credit:
NASA/ESA/STSCI/AURA).

is available on the microscale. But applying forces and torques by the
gradient magnetic fields is an available and practicable means to drive
untethered microrobots [59-61]. In addition, the common way to
optimize the swimming performance from the own structure design is
relatively simple, such as varying the wavelengths, radii, lengths of the
tail, and the presence or absence of a head [44,62-64]. Moreover,
existing swimming robots with the thermally or magnetically induced
shape memory effect [65,66] cannot flexibly morph and reshape (i.e.,
transfer between two simple configurations: temporary shape and per-
manent shape). Furthermore, although the thermomechanical proper-
ties of the SMP have been well developed in both theory and experiment
[67-70], rare are the numerical analyses for the SMP with special con-
figurations, such as the helix.

In this study, we focus on the structural design of a type of smart
microswimmer that regulates its velocity and motility to adapt to
various complex and ever-changing environments. The article is orga-
nized as follows: Section 2 introduces the thermomechanical constitu-
tive model and helical propulsion model. Section 3 discusses the
technical details of SMP preparation and the platform. Section 4 further
presents the numerical calculations of the nested helical structures and
uncoiled structures, as well as comparisons between simulations, theory,
and experiments. Finally, Section 5 states the main conclusions of this
work.

2. Locomotion of smart helical swimmers

In view of describing the thermomechanical mechanism of SMP and
swimming behaviors along the axis of the helical robot with a rigidly
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Fig. 2. Definition of parameters for a helical swimmer with a rigidly
attached cylindrical head. The force F and torque T represent the sum of all
non-fluidic loads.

attached head, a modified linear constitutive model [68] and a sym-
metric propulsion matrix [21] relating only three constants are proposed
in this section, respectively.

The modified linear constitutive model expresses the fact that in the
process of creep recovery under no-load which follows loading with
creep strain g, a certain part of e.remains as irrecoverable strain. The
thermal expansion is considered to be independent in this model. The
model provides the basis for our understanding of the smart material in
this work. On the other hand, the motion of the helical structure, can be
considered in only two degrees of freedom and described by only three
constants, which depend on the fluid viscosity and geometrical
parameters.

2.1. Thermomechanical constitutive model

To describe the deformation mechanism of SMPs, we introduce the
standard linear viscoelastic model. Considering the thermal expansion
and assuming that the expansion is independent of mechanical behavior,
the stress-strain-temperature relationship can be expressed as

e=242 55 o, [6))

E pu A
where ¢ and ¢ are the strain and stress, respectively (the dot indicates the
time derivative), E, j, and A are the elastic modulus, viscosity, and
retardation time, respectively, and a and T are the temperature and
coefficient of thermal expansion, respectively. The creep irrecoverable
strain ¢ is given by & = C(e. — ), where &, is the critical strain, and g
and C depend on temperature.

With SMPs, E, i, A, C, and gidepend on temperature. These variables
expressed on a logarithmic scale increase linearly in Ty/T in the glass-
transition region Ty — Ty < T < Ty + Ty, where Tg is the glass-
transition temperature, and T, is a certain temperature. In this paper,
we use T,,= 15 °C. These material parameters can be expressed as fol-
lows [68,69]:

X = X,exp {ax (%7 1)}, (2)

(a) (b)

N-octylamine
ES51 epoxy resin Release
Aramid MXDA Agent

Fiber
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where X represents one of the variables E, , A, or C. X, is the value at T
= T, anda is the slope of each straight line on a semi-log plot. Similarly,

e:egexp{—ag(%—l)}. 3)

2.2. Helical propulsion model

A detailed propulsion matrix for a helical structure without a head is
available in our previous work [49]. Consider a rigidly attached head:
the motion of the symmetrical helical swimmer (as shown in Fig. 2) with
the total external force F and torque T can be described only by several
constants, which are expressed in matrix form as follows [21]:

Fl_[a+m, B U
7= e ®

where U is the linear velocity along the body axis, Q is the rotating
angular velocity, Iy and Il are respectively the translational and
rotational drag coefficients for the head. The coefficients are identical
for helical swimmers with the same heads. The coefficients A, B, and C in
the matrix depend on the fluid viscosity and on the geometrical pa-
rameters of the helical swimmer, which can be estimated as follows:
[21]

nR

2
A= in’6 20) ——
(m,5in°0 + 17, cos®6) os0’

B = (n; —n,)2anR*sind,

2znR?
C = (i;,c08’0 + 1, sin’0) s

—_— 5
cosf ’ )

where 6 = tan~! (%R), A\ is the pitch of the helix, n is the number of the
turns of the helix, R is the radius of the helix, and ny and n are the
commonly used drag coefficients of Gray and Hancock [71] respectively,
which are expressed as

2mp 4mu
B

n.= InZ - (6)
where p is the dynamic viscosity of the fluid, and a is the radius of the
filament. These geometric parameters are described in Fig. 2.

Given that we consider uniform magnetic fields, the helical swim-
mers discussed herein are rotated by pure magnetic torques without
magnetic force. Therefore, from Eq. (4), the relationship between the
translation velocity U and the rotation speed Q is:

B

=— Q
v A+Tly 7

where IIy = 6mpR [59].

Fig. 3. Fabrication process of the SMP helical structure. (a) Preparation of the materials. From left to right: aramid filament, N-octylamine, E51 epoxy resin,
MXDA, and release agent. (b) Displacement loading of the sample under 100 °C in the electric drying oven. (¢) Experimental apparatus: DF-101S Heat Collection-

Constant Temperature Magnetic Stirrer and camera.
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Fig. 4. Folding-unfolding deformed processes of SMP helix structure. (Step I) Folding stage under external load, (Step II) cooling stage, (Step III) unloading stage,

(Step IV) heating recovery stage.

(@) (b)

Experiment 1 FEM Ghvg: 75%)

+7.730e+01

| +6.764e+01
L +5.798e+01
-y +4.831e+01
K| +3.865e+01

+2.89%+01
+1.933e+01
+9.663e+00
+0.000e+00

Experiment 2

(©) (d)

FEM

S, Mises
(Avg: 75%)

+8.278e+00
+7.243e+00
+6.209e+00
+5.174e+00
+4.13%+00
+3.104e+00
+2.070e+00
+1.035e+00
+0.000e+00

Y

Fig. 5. Deployable process of SMP helix structure. (a, b) The unfolding process in experiment and simulation results of a SMP helix within 1 s, respectively. The scale
bars are 3 mm. (c¢) The uncoiling process of the pure resin helix in the electric drying oven. The scale bars are 5 mm. (d) Results of numerical calculation of the

uncoiling process.

According to the matrix (Eq. (4)), the linear and rotational speed
contributions are additive in the low Reynolds number environment.
Therefore, in the following simulation of the helical propulsion, the
complex fluid environment can be simplified into two independent
control regions, which simulate the longitudinal motion and rotation
respectively.

3. Experimental platform

This section presents the experimental platform used to prepare
SMP-based helical structures and evaluate their thermomechanical
properties. The objective of our experiments is to prepare SMP-based
materials with superior properties such as shape-recovery ratio and
verify the realizability of the temperature-sensitive helical tail. Section
3.1 explains the preparation process of SMPs, and Section 3.2 presents
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Fig. 6. Characterization of the mechanical properties of the SMP helix. (a) Relationship between stress and temperature of the representative nodes on the helix
structure. (b) Relationship between strain and temperature in the four stages of the whole cycle. (c) Relationship between the displacement in the loading direction
and time. Insets show the length of the helix in each step of the thermomechanical experiment. (d) Dynamic mechanical analysis of SMP. A comparison among our
experimental results, results in Ref. [69], and approximate curve obtained by Eq. (2) is given.
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Fig. 7. Comparison of comprehensive athletic ability of the mode design with variable configurations. (a) Quantitative comparison of surface average ve-
locity and maximum velocity for different prototypes. The swimmers are driven at 5 Hz. (b) Ashby selection map. The map shows the dimensionless motility of
different structures against structural stability. All swimmers are rotated in the same viscosity flow field of 96.4 mPa s at 5 Hz.

the specific operational steps to realize the shape memory function of

the helical tail.

3.1. Material preparation

To fabricate the SMP solution, N-octylamine and M-xylylene diamine
(MXDA) are incorporated into E51 epoxy resin at a mass ratio (E51
epoxy resin/ N-octylamine/ MXDA) of 1 : 0.1646 : 0.0868 Fig. 3(a).
After vacuuming the mixture several times to remove all bubbles, the

aramid filament is fully immersed into the solution. The filament must
be lightly scratched to break the surface tension, making it easier for
bubbles to escape. The SMP helix is shaped by winding at 100 °C for 3 h.
To release the mold, the release agent is evenly spread on the surface of
the glass mold in advance.

3.2. Experimental operation

The folding and unfolding process is done in four stages: (Step I)
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Fig. 8. The swimmers tend to move with the flow induced by the rotation of the tail. (a—f) present the surrounding velocity field of HUT, HHT, HUH, UCT,
HSUH, HSUH-R structures, respectively. Velocity vectors (arrow volume) of the flow on cross section of the channel due to clockwise rotation of the swimmer about

the z-axis, and the velocity field (shaded colors) on the swimmer.
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Table Al

. Fluid parameters used in numerical modeling.
Property Value Units
Fluid Density 964 kg/m>
Fluid Viscosity 0.0964 Pas
Angular Velocity 31.416 rad/s
Linear Flow Rate 6x107* m®/s

Folding under external load. The helix is displacement-loaded and
heated for 5 min. in a 120 °C oven, as shown in Fig. 3(b). (Step II)
Cooling stage. Cool the helix to 20°C. (Step III) Unloading stage. The
external load of the helix is removed at 20 °C. The helix bounces back
slightly at this stage. (Step IV): Heating recovery stage. Place the helix in
a high-temperature oven (120 °C) or DF-101S Heat Collection-constant
Temperature Magnetic Stirrer (built-in 120 °C hot oil), as shown in Fig. 3
(c). To place the specimen in the oven, hang the helix horizontally on a
thin glass tube to eliminate the effect of gravity. Treat the glass tube
surface with alcohol in advance to reduce friction.

4. Results and discussion

The analyses of intelligent helical swimmers are given in two parts:
material properties and structural designs. To obtain a more compre-
hensive evaluation of the shape memory capability of SMPs, we simulate
the instantaneous recovery process of SMPs. Section 4.1 presents in
detail the numerical results and comparisons with experiments and
theory. Subsequently, based on the helical propulsion model proposed in
Section 2.2, we use the validated and effective simulation method to
calculate the motion indicators of novel nested and uncoiled structures
and conduct a comprehensive evaluation of the swimming capabilities.
This leads to a design strategy for bio-inspired helical robots.

4.1. Characterization of the thermomechanical properties of SMP-based
helix

Fig. 4 shows the deformed process by numerical calculation of the
folding and unfolding corresponding to the previous experimental steps.
The numerical analysis model of the SMP helix structure uses the finite-
element method implemented in ABAQUS®. Notably, after the heating-
cooling and loading-unloading cycles, residual stress remains in the
helix in the vicinity of the loading end and the fixed end. Fig. 5(a) and
(b) compare the results of the finite-element method in Step IV with the
gradually deployable morphology of the helix captured experimentally,
which verifies the reliability of the numerical results. Furthermore, the
smart structure not only regulates the tail length but also regulates the
coiling and uncoiling by sensing the environment temperature. The
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numerical calculation and experiment are carried out to obtain the
thermally induced shape-memory effect of the uncoiling of the helix
structure Fig. 5(c) and (d). Here, the fabrication process uses pure resin
in the same proportion according to the methods mentioned above. This
is attributed to the particularity of the helix structure, whereby the thin
aramid filament cannot contain sufficient SMP mixture. The shape
change of SMPs is an entropy-driven recovery of a mechanical defor-
mation that occurs through the external stress and is temporarily fixed
by the formation of physical crosslinks. Therefore, the stress fixed by
SMPs in the filament is too small to overcome the structure’s own
elasticity and uncoil the helix. The numerical results are consistent with
the experimental uncoiled states. The introduction of SMPs into the
intelligent helical tail to achieve reconfigurable performance, therefore,
could constitute an important step forward in smart-robot applications.

In addition, Fig. 6 shows in detail the mechanical properties resulting
from the unique thermal-responsive properties of SMPs. When the
temperature is lower than the glass-transition temperature T, = 78 °C,
the stress at each point remains steady at a high level. When the tem-
perature reaches the range of Tg to T, + 15 °C, the stress is rapidly
released and approaches zero (residual stress remains), as illustrated in
Fig. 6(a). Furthermore, Fig. 6(b) shows the relationship between strain
and temperature in the four stages of the whole cycle. Our simulation
results are basically in agreement with the prediction of standard linear
viscoelastic theory, as mentioned above. Notably, during the heating
stage (Step IV) under no-load conditions, the strain is significantly
recovered in the vicinity of Ty 415 °C. The calculated results for strain
recovery express the overall inclination. Given the elastic energy stored
in the helix structure, the strain decreases and then increases in Step III,
which differs from the horizontal strain recovery curve of the commonly
discussed SMP sheet in this step. A small residual strain remains after the
cycle, regardless of the theoretical solution and simulation results. Fig. 6
(c) demonstrates the displacement in the direction of the length change
with respect to time. In contrast with the experimental results, Step III (2
to 3 s) is set in no-load conditions at low temperature in the numerical
calculation, but a slight rebound occurs in the experiment. The unfold-
ing process in the numerical calculation occurs instantaneously when
the temperature reaches the threshold, which corresponds to the results
observed in the experiment. The general rule of length variation pre-
dicted by numerical results is consistent with the experiment.

To explore the capacity to recover and to demonstrate a potential
application of the intelligent swimmer, the fundamental mechanical
performance of the SMP should be tested. In a dynamic mechanical
analysis (see Fig. 6(d)), the peak value of the loss of angular tangent
appears at the glass-transition temperature. logE is approximately linear
in Ty /T with a slope in the glass-transition region (as shown in Eq. (2)).
The present result and the available experimental results [69] both
indicate that the modulus varies markedly in the glass-transition region
but remains essentially stable above and below the glass-transition re-
gion (T = Ty & 15 °C), which is consistent with theory.

The shape-recovery ratio R, is the most important indicator to
evaluate SMP properties and is expressed as

Sy — Sp

R, =2 x 100%, (€]
So

where s, is the length of the helix after unfolding, sp is the rebound
displacement after unfolding, and s is the initial length. Given that the
external loading is removed after cooling, the elastic energy stored in the
helix is released and makes the structure rebound. Therefore, the
rebound displacement after unfolding should be considered when
calculating. In the experiment, R,= 98.4% for the shape memory helix.
Note also that, during the folding-unfolding process, in addition to the
elongation, the diameter increases by 18.8%.

International Journal of Mechanical Sciences 242 (2023) 107996

4.2. Nested and uncoiled design of the helical tail and evaluation of
motion

Our previous work [49] shows that the configurations of the single
helical tail significantly affect the propulsive motility of the helical
swimmer. In consideration of the shape-actuation mechanism, we
design the robot structures to further improve the capacity for move-
ment. Two modes of the swimmers with extraordinary structures, the
nested helical structures, and uncoiled structures, are established in two
separated hydrodynamic cylindrical domains by using COMSOL Multi-
physics® (See Appendix for simulation details). The Reynolds number in
all subsequent simulation cases is 0.814 (less than 1), so swimming
occurs under laminar flow. In the experiment, the overall length of the
SMP filament (the tail of the swimming robot) remains constant, and the
temperature change triggers the elongation-folding or coiling-uncoiling
process. Therefore, the number of turns in these simulation cases is set to
3 and 1.5 for elongation-folding and coiling-uncoiling, respectively, and
the pitch increases during unfolding.

The surface average velocity, maximum velocity, and standard de-
viation of the velocity of the following structures are presented in detail
in Fig. 7(a), which shows the head + uniform tail (HUT) structure, the
head + hierarchical tail (HHT) structure, the head + uniform tail +
hierarchical tail (HUH) structure, the head + uncoiled tail (UCT)
structure, the head + stretchy uniform tail + hierarchical tail (HSUH)
structure, and the head + stretchy uniform tail + hierarchical tail
structure with an overall increased radius (HSUH-R). The surface
average velocity and maximum velocity are obtained from the “surface
average” and “surface maximum” options in the COMSOL post-
processing, respectively, and the standard deviation of velocity is
calculated by using the STDEV syntax. A constant acceleration is the
desired outcome.

Furthermore, the normalized velocity of the swimming robots is re-
ported to provide a more accurate comparison of performance [72] in
Fig. 7(b). Here, we express motility as U/f L x 1000 [19], where U is the
linear velocity, f is the rotating frequency, and L is the body length of the
swimmer. Notably, the structures with hierarchical tails reveal an
impressive advantage in the motility improvement. Compared with the
basic HUT structure, the motility of the nested combination of the inner
and outer tails (HUH) increases by 54.6%. Meanwhile, the HUH struc-
ture makes up for the HHT structure velocity dispersion with a slight
increase in maximum velocity. Therefore, nesting is the optimal choice
to steadily improve swimming propulsion. In contrast, the velocity of the
uncoiled UCT structure decreases compared with that of the HUT
structure. When one layer of the nested tails elongates due to thermal
driving (i.e., the HSUH structure), no significant change occurs in the
average surface velocity or maximum velocity compared with the HUH
structure. However, the motility decreases noticeably due to the elon-
gation of the structure. Note also that HSUH-R structure is advantageous
regardless of surface average velocity, maximum velocity, and motility
for all the types of configurations. Compared with the HSUH structure,
the average velocity increases by 116.1% upon increasing the transverse
radius. Moreover, compared with the HSUH structure, the HSUH-R
structure offers irreplaceable advantages in motility, as shown in
Fig. 7(b). Therefore, HSUH-R structure is the best choice for fast-moving
applications (e.g., the microswimmers used for cargo delivery, which
accelerate the swimming bot and increase the velocity by 226.3%). The
Ashby map given in Fig. 7(b) partitions the diverse structures into three
levels and objectively evaluates the motion performances, which would
have wide-ranging benefits, such as in the biomedical and environ-
mental fields.

Furthermore, we systematically explore the potential advantage of
this morphological diversity by building nested or coiled-uncoiled he-
lical swimmers with different body configurations Fig. 8(a)-(f). The
forward velocity field around the swimmers, the velocity vectors,
maximum and minimum velocity and so on are reported in Fig. 8 to
provide a more intuitive comparison of performance. For the structures
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with hierarchical tails (e.g., for the HHT structure), the maximum ve-
locity generally occurs in a largest radial pitch area. This is because the
trumpet-shaped hierarchical structure concentrates larger thrust force
and torque at the far end to drive motion, allowing rotation to dominate
the swimming. The radius plays a more important role than the body
length in improving speed through geometric structure design.

5. Conclusions

In summary, this paper introduces a type of smart helical swimmer
with a nested or uncoiled design that combines the mechanical attri-
butes of remarkable motility with functional characteristics that depend
strongly on temperature. Based on the modified linear constitutive
model and the symmetric propulsion matrix for the helical propeller, the
combined study uses SMP recovery tests, dynamic mechanical tests, a
thermomechanical coupling analysis, structural designs, and a hydro-
dynamics analysis to systematically explore the proposed helical
swimmer. In addition, the corresponding comparisons and evaluations
are presented and provide guidelines for the manufacture and applica-
tion of functional swimming microrobots. The results of the study lead to
the following main conclusions:

(1) SMP-based materials can be used to implement temperature-
sensitive helical tails of smart swimming robots. The operation
is divided into four steps to obtain the shape-memory effect.
Given the elastic energy stored in the helix structure, the strain
unexpectedly decreases and then increases in the unloading step.
As shown by the experimental and simulation results, the shape-
recovery process occurs within around 1 to 2 s, with a satisfying
shape-recovery ratio of 98.4%.

(2) The geometrical configurations significantly affect the velocity
and motility of swimmers. Based on a hydrodynamics analysis,
helix-based robots with nested or uncoiled structural designs are
established in two separate cylindrical domains (longitudinal
motion and rotation). Notably, the robots with hierarchical tails
reveal an impressive advantage in motility because the trumpet-
shaped hierarchical structure concentrates larger thrust force and
torque at the far end to drive motion, allowing rotation to
dominate the swimming.

(3) A significant increase of 226.3% with respect to existing typical
helical swimmers demonstrates that the HSUH-R structure is the
optimal choice for applications requiring fast motion. The nested
helical structure strategy offers more propulsion than the typical
structure. The radius strongly affects the motion performance in
robotic systems where rotation is the main actuation. An Ashby
map partitions the structures involved in this work into three
levels. Finally, an objective evaluation is generated by the
structural change of the movement from the perspective of
motility and the surrounding flow-field stability feedback.
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Appendix: Details of numerical modeling

Fig. A1 shows a schematic of the model with the head + uniform tail
(HUT) structure as an example. Based on the helical propulsion model
proposed in the main text, a low-Re regime implies that the contribu-
tions of linear velocity and rotational velocity are additive. Conse-
quently, the numerical modeling can be divided into two independent
domains: an external domain to emulate longitudinal motion, and an
inner domain to emulate rotation. This distinction significantly sim-
plifies the complexity of the helix motion. The HUT structure is estab-
lished inside the inner rotating domain (Table Al).

Concerning the geometry of the helical structure (see Fig. A1(a)), (1)
we build up the head (a cylinder) and the tail (a helix) in the appropriate
spatial positions and use the union selection to combine these two parts.
(2) The difference selection is used to distinguish the helical swimmer
from the fluid environment. (3) For the mesh, due to the combination of
the head and helical tail, the corner needs to be refined. (4) Finally, we
choose “form union” to unify the geometry. For the materials setting, the
lumen is filled with silicon oil to ensure low Reynolds number. The
material parameters are set as Table Al. A laminar flow is implemented
by using the computational fluid dynamics module for each part, as
shown in Fig. A1(b). Thus, we can emulate a Stokes flow in which in-
ertial terms are rejected. In addition, the no-slip condition is attached to
the surface of the helix and the lumen, which ensures that the fluid will
have zero velocity relative to these boundaries. The longitudinal motion
of the swimmer is achieved by including an input-output flow into the
lumen. Here we use the fully developed flow with a flow rate 6 x 10~*
m®/s. To rotate in the inner domain, we must add the moving mesh on
cylindrical domain 2. In this case, a moving mesh with rotating angular
velocity Q is implemented and attached to the inner cylinder. Here we
set the angular velocity as 31.416 rad/s (corresponding to 5 Hz in the
results shown in the main text). A frozen-rotor approximation is
included in the numerical calculation to significantly reduce the
execution time. In other words, the helical structure inside does not
rotate during the execution, however, rotation and the associated mo-
mentum terms are imparted to the flow. Therefore, a pseudo-steady-
state condition of the helix rotation dynamics is obtained.
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