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Abstract. Microrobot technology demonstrates revolutionary potential in the biomedical field,
enabling critical functions such as targeted drug delivery, minimally invasive interventions, and
precise lesion clearance. However, significant challenges remain in understanding their motion
mechanisms within complex biological environments. This study systematically investigates the
dynamic behavior of capsule-shaped microrobots in Newtonian and viscoelastic fluids, focusing on
the coupling effects of complex boundary conditions, surface-driven strategies, and rheological
parameters. By constructing a multi-physics coupling framework based on the Linear Phan-Thien-
Tanner (LPTT) constitutive model and employing numerical simulations and the control variable
method, the nonlinear regulatory mechanisms of polymer viscosity u,, relaxation time 4, and
elongation rate € on motion performance are revealed.Key findings include:In Newtonian fluids, an
exponential-type surface-driven velocity profile generates stable propulsion due to its high-gradient
velocity distribution, resulting in significantly higher average speeds compared to logarithmic and
sinusoidal profiles.In viscoelastic fluids described by LPTT, a critical threshold for polymer
viscosity u, (0.005Pa-s) exists: below this threshold, elastic stress dominates propulsion, while
above it, viscous dissipation reduces efficiency.The parameter relaxation time A regulates the
dynamic balance between elastic stress accumulation and relaxation. Short 4 (e.g., in lymph)
facilitates rapid response, whereas long A causes local stress concentration, hindering propulsion.
The influence of elongation rate ¢ is negligible in shear-dominated flow fields.The study proposes a
multimodal driving strategy based on flow field-parameter adaptation criteria, providing theoretical
guidance for targeted delivery and precise manipulation in heterogeneous biological environments
such as blood and mucus. By integrating theory and simulation, this work lays a foundation for the
design and optimization of next-generation medical microrobots.
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1. Introduction

Microrobot technology, as a frontier in modern biomedical engineering, is reshaping the
boundaries of precision medicine. These micron-scale intelligent carriers exhibit transformative
potential, achieving millimeter-level precision in vitro experiments [1,2] and making breakthroughs
in targeted drug delivery [3,4], thrombus clearance [5,6], and toxin detection [7], among other
biomedical applications [8—12]. However, in vivo applications present complex biological
environments [13,14], where fluids such as saliva, blood, and mucus exhibit non-Newtonian
properties [15]. Biological tissues display dynamic viscosity variations (0.1-10Pa-s), localized shear
thinning (shear rates of 10—1000s"-1), and characteristic relaxation time differences (0.1-10s) [16,17],
posing fundamental challenges to traditional Newtonian fluid-based models.

Current research on microrobots primarily focuses on motion mechanisms in simple geometric
flow fields with flat or planar boundaries [18-20], while studies on complex boundary conditions
(e.g., asymmetric, multiscale, or dynamically changing boundaries) remain limited [21,22]. Existing
studies on non-Newtonian fluids often examine the isolated effects of single rheological parameters,
leaving a gap in systematic analyses of multiparameter coupling effects. For instance, Ouyang et al.
[23] compared microrobot performance in shear-thinning and shear-thickening fluids but did not
explore the dynamic interplay between viscosity and elastic parameters. Similarly, Qin et al. [24]
studied elastic filaments in shear-thinning fluids but did not quantify the coupling effects of
elongation rate and shear-thinning indices.
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Many studies [25-29] have developed theoretical models and numerical methods for
multiparameter fluid dynamics, but practical applications in microrobot motion control require more
realistic simulations and experiments. But, most current research [30-34] overlooks the dynamic
responses of non-Newtonian fluids to shear rate, time (thixotropy), or temperature (e.g., body heat),
leading to discrepancies between model predictions and real-world motion.

This study addresses these gaps by setting three surface velocity driving functions (exponential,
logarithmic, sine) with the use of magnetic force, magnetic torque correction strategy to control the
direction of motion and simulating complex geometric boundaries (e.g., gastric folds [35], intestinal
villi [36]) using sinusoidal functions. Proposing a multi-physics coupling framework based on the
LPTT constitutive model, validated for its accuracy in characterizing biological fluid dynamics [37—
40]. Investigating the synergistic effects of u,, A, and & through controlled variable experiments.

The results reveal a flow field-parameter adaptation criterion: &is negligible in shear-dominated
flows but may dominate energy dissipation in extensional flows. These findings, combined with
multimodal driving strategies [41], could advance solutions for 3D large-deformation fluid-structure
interaction challenges [24].

2. Method

A 2D fluid domain and microrobot model were constructed (Figure 1). The capsule-shaped
microrobot was modeled as a rigid material with density p. Dimensions are listed in Table 1.

Figure 1 Model established for the simulation, indicating the size of the capsule-shaped miniature
robot and the shape of its bottom edge
Table 1 Size parameters of the robot and the material density

L 2um

w Ium

r 0.5um

p 1000kg/m?3

The boundary shape and boundary conditions of the flow domain affect fluid flow characteristics
such as velocity distribution and pressure distribution [42]. These fluid flow characteristics further
influence the motion of micro-nano robots. For example, when approaching the boundary, micro-
nano robots are affected by boundary-induced fluid flow, causing deflection of their motion
trajectories or changes in velocity. This boundary effect is particularly pronounced in low-Reynolds-
number flows [43]. To further investigate this mechanism, the shape of the bottom-wall boundary of
the flow domain is set as a standard sine function curve, sin(x), in a two-dimensional flow domain
plane coordinate system, with a period of 2rpmand an amplitude of 1pum.

As shown in (Figure 1), the distance between the bottom edge of the robot and the peak of the
bottom-wall wave is set as h, which is a variable parameter. According to the existing studies by
Wang [44], Gao [41], etc., the driving methods of miniature robots include magnetic-field driving,
chemical driving, ultrasonic driving, etc. [14]. In this study, the surface-driving method is adopted,
which can well simulate chemical driving and ultrasonic driving. The robot is assumed to have a wall
velocity vy in different forms. The magnitudes of the wall velocities on the upper and lower edges
of the robot are the same, denoted as v, but the distribution on the wall is non-uniform and is in the
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form of a function. The variable d of the function is defined as the distance from point p on the
robot wall to the position shown in the figure.

In the research on the motion of squirmer in shear-thinning fluids [45], it is mentioned that: in
Newtonian fluids, the B: mode (force dipole) obtained by Legendre decomposition of the flow-field
velocity is the only mode that contributes to the swimming speed. Numerical simulations show that
in non-Newtonian fluids, B1 mode still dominates, but shear-thinning leads to a decrease in velocity.
Higher-order modes (such as Bs mode indirectly affect the velocity through the non-linear constitutive
relation (local viscosity change coupled with the flow field), and may even reverse the trend (increase
in velocity). Based on this, three functions are selected as the surface velocities in this study: the sine
function, the natural exponential function, and the natural logarithmic function. Similar to the
Legendre polynomial decomposition used in the study of squirmer, the driving velocity of the robot
is Fourier-expanded, and it is considered that the magnitude of the velocity is mainly determined by
the first-term sine function. To ensure that the magnitudes of the three velocity forms are consistent
in the study, the sine function is taken as the reference, and the exponential function and the
logarithmic function are divided by the coefficient of the first-term sine function in the Fourier
expansion respectively to achieve this goal. Applying this conclusion in non-Newtonian fluids can be
regarded as an innovation of this study.

Magnetic control enables the robot to achieve a higher motion speed, higher control precision, and
realize flexible manipulation, etc. [1, 43]. To ensure that the robot moves steadily in one direction, an
external gradient magnetic field B is required. By generating a magnetic force F and a magnetic
torque T, the stability of the motion trajectory is maintained at all times and the orientation of the
robot is corrected. Assuming that the magnetic moment of the robot itself is m, the generated
magnetic force and magnetic torque are:

{F =(m-V)B
T=mXxXB

First, in Newtonian fluids, the influence of the distance between the robot and the bottom-wall
boundary on the average velocity ¥ under three surface-velocity drivings is studied. Since the robot
is rigid, the average velocity of any point on the robot is taken as the experimental result. The viscosity
Us of Newtonian fluid is an important parameter, which describes the internal friction of the fluid. In
Newtonian fluid research, the viscosity of the fluid is set as1 X 1073Pa - s and the density p,, is
1000kg/m3. The continuity control equation indicates that the fluid is incompressible:

V-u=0

Table 2 Surface velocity patterns of robots. The first row is the set original function of the driving
speed. The second row is the coefficient of the first sine function after the Fourier expansion of the

original function. The third row is the actual driving speed after normalization by dividing the

original function by the coefficient

. . ood d d
Original function sm(Z 1) exp (Z) In(1+ T M)
— -
Coefficient of the first term 1 M —
42 + 1 In2
i d 472 + 1 d —In2 d
Surface velocity(num/s) sin(Z ) m exp (z) : In(1+ T )

Meanwhile, the flow-field velocity cloud diagrams under three surface velocities at the initial
moment in Newtonian fluid are given. They are measured on the same velocity scale, as shown in
(Figure 2). These velocity distributions help understand the flow-field situation when the robot starts
moving. The velocity distribution of the exponential function (exp) shows that the velocity increases
rapidly from the center to the edge of the robot. This distribution may generate a large and uniform
propelling force; thus, in (Figure 2), it shows the highest average velocity. The velocity distribution
of the logarithmic function (In) shows that the velocity increases gradually from the center to the edge.
The propelling force generated by this distribution is moderate, resulting in an average velocity
between that of the exponential function and the sine function. The velocity distribution of the sine

722



Advances in Engineering Technology Research BEMSIC 2025

ISSN:2790-1688 Volume-14-(2025)
function (sin) shows periodic changes, with alternating high-speed and low-speed regions. This
periodic velocity distribution may lead to fluctuations in the propelling force, and thus in (Figure 2),
it shows the lowest average velocity. The initial velocity distribution is crucial for the robot’s initial
motion and the flow field’s subsequent development. The velocity distribution of the exponential
function, which is uniform and strong, may generate a more stable and efficient flow field, thereby
increasing the velocity of the robot. The moderate velocity distribution of the logarithmic function
leads to a moderate propelling force, while the periodic velocity distribution of the sine function may
cause the flow field to be unstable, thus reducing the efficiency.

Then, the motion situation is studied in viscoelastic fluids. The governing equation for viscoelastic

fluid motion is as follows:

ou

Par

where uis the velocity field of the fluid, p is the pressure, I is the unit tensor, K is the viscous

stress tensor, T, is the elastic stress tensor, and F is the external force. The expressions for K and
T, are as follows:

+pu-VYu=V-[-pIl+K+T,+F

K = p,(Vu + (Vu)")
T, = Z Tem

m

The elastic stress tensor is the sum of the elastic stress tensors of all modes.

Common constitutive models for viscoelastic fluids include Oldroyd-B, FENE-P, Giesekus, LPTT,
etc. In this study, the LPTT constitutive model is chosen. The LPTT model is an improved viscoelastic
fluid model that can more accurately describe the rheological properties of polymer solutions. This
model takes into account the stretching and relaxation processes of polymer chains. Its constitutive
equation is as follows:

\Y
A%Tem + frm = prm.ups
where A is the relaxation time, and f,, and fy,, are stress-related functions:

A
frm = [1 et (Tem) | Tem fom = 1
(4

Here,e is the elongation rate parameter of the fluid, and u,, is the viscosity of the polymer solvent
of the fluid.

v . o : : .
—T ., is the upper-convected derivative of the elastic tensor, and its expression is:
vt

\Y oT,

TpTem =3+ @ VTem = Vit Tepy = T - V1"
The strain-rate tensor § is as follows:

1
S ==(Vu+vul)

©) (b) (c) W

Figure 2. Flow-field velocity heatmaps under three driving velocities at the initial moment in
Newtonian fluid. (a) Natural exponential function (exp), (b) Natural logarithmic function (In), (c)
Sine function (sin). They are represented on the same velocity-range scale

The LPTT model can better describe the shear-thinning and extensional viscosity characteristics
of polymer solutions, and is suitable for describing the rheological behavior of polymer solutions
under complex flow conditions [8]. This model has a high degree of accuracy in predicting the flow
characteristics of polymer solutions. The three key variable parameters w,, A, € in its constitutive
equation determine the viscoelasticity of the fluid, which are the focuses of this study. During the
simulation process, the control variable method is used to study the effects of changes in these three
parameters on the robot's motion speed respectively. Based on experience and relevant research,
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reasonable ranges need to be determined for the three parameters to ensure the authenticity and
rationality of the model. The initial values of u,, 4, € are set as 1 X 103Pa- s, 0.01s, and 0.01
respectively, which are relatively close to the rheological characteristics of weakly viscoelastic
polymer solutions such as respiratory mucus, gastrointestinal mucus, follicular fluid and other
biological mucus. During the experiment, two of the variables are controlled at their initial values,
and the effects of the changes of p,in the range of 1 x 1073 —1 X 107%Pa-s, 1 in the range of
0.01-0.1s, and ¢ in the range of 0.01 — 0.1on the robot's motion characteristics are studied
respectively.

3. Results discussion

3.1 Results in Newtonian Fluids

In this set of simulation experiments, the distance h between the bottom edge of the robot and the
peak of the sinusoidal-shaped boundary of the bottom wall of the flow domain is set to range from
2.5-8.5um, with the lowest position being 2.5um. For more details, see (Figure 1). Simulations are
conducted at positions with an interval of 0.5pum. The simulation runs for 30s, and a typical motion
effect is shown in the figure:

0 01 02 03 04 05 06 07 08 09 1

Velocity (um/s)
Figure 3. Snapshot of the robot's motion when the surface velocity is exp and the distance from the
boundary is 2.5um.

The average velocity during this period is calculated. (Figure 3) shows the relationship between v
and h. The scatter plot is p lotted and fitted with a third-order polynomial to visually analyze the
experimental results.

As the distance h increases, the average velocity of the miniature robot under the driving function
shows a decreasing trend. The boundary-layer theory in fluid mechanics can explain this phenomenon.
When the robot is close to the bottom wall, the fluid velocity gradient within the boundary layer is
large, and the robot experiences a relatively large fluid resistance. However, due to the proximity to
the boundary, the viscous effect of the fluid is strong, resulting in a relatively high velocity. As the
robot moves away from the bottom wall, the boundary-layer effect weakens, and the fluid resistance
increases, leading to a decrease in velocity.

The robot driven by the exponential function exhibits the highest average velocity for all values of
h. For example, when h=2.5um, the average velocity is1.098um/s; even when h=8.5um, the
average velocity still remains at 0.927um/s. Its fitting curve shows that the velocity gradually
decreases as h increases, indicating that the exponential-function driving mechanism is stable and
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efficient. The average velocity of the robot driven by the logarithmic function is between that of the
exponential and sine functions. Its fitting curve shows that the velocity steadily decreases as h
increases. The robot driven by the sine function shows the lowest average velocity for all values of h,
which also decreases slightly as lllzincreases, but with little overall change.
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Figure 4 The simulation results of the robot at different distances from the bottom wall in
Newtonian fluid. Blue (exp), red (In), and green (sin) represent the results under three driving
velocities respectively. The corresponding three curves are fitted curves.

Analyzing the results, the exponential function may generate a relatively strong propelling force
in Newtonian fluid, enabling it to maintain a relatively high speed at different distances. The
propelling force generated by the logarithmic function is more sensitive to the distance, resulting in
a significant decrease in speed as h increases. The periodicity of the sine function may lead to
fluctuations in the propelling force, but has a relatively small impact on the overall speed, and its
propulsion efficiency is always low.

In addition, the sinusoidal-shaped boundary of the bottom wall also has a certain impact on the
robot’s motion speed. The sinusoidal-shaped boundary increases the complexity of fluid flow, and
the flow-field distribution shows periodic changes. There are differences in the fluid velocity and
pressure distribution in the peak and trough regions, affecting the force acting on the robot at different
positions. When the robot is close to the peak, it may be subject to stronger fluid resistance or
propelling force, depending on the flow-field distribution and the characteristics of the robot’s surface
velocity. The interaction between the flow-field changes caused by this boundary shape and the
robot's surface velocity distribution further affects the robot's average velocity. For example, when
the robot driven by the exponential function is close to the peak, its high-gradient velocity distribution
may interact with the local flow field to generate a stronger propelling force, thus offsetting the speed
decrease caused by the boundary-layer effect to a certain extent. Due to the periodic fluctuations in
its velocity distribution, the robot driven by the sine function may have more coupling effects with
the flow-field changes caused by the sinusoidal-shaped boundary, resulting in a large difference in its
propulsion efficiency at different positions.

3.2 Research Results on p,, in Viscoelastic Fluids with the LPTT Constitutive Model

The research is carried out within the LPTT model set as described above. Using the control-
variable method,A and & are kept unchanged at 0.01 s and 0.01 respectively, while p, is varied
within the range of 0.001 — 0.01Pa-s. (Figure 4) shows the relationship between ¥ and .

As can be seen from the figure, under the exponential-function driving, ¥ increases from
0.215pm/s when p, = 0.001 Pa's to a peak value of 0.256um/s when u, =0.01 Pa-s,
indicating the existence of a critical threshold for the viscoelastic response. Subsequently, it decreases
to 0.214um/swhen u, = 0.01Pa-s, showing a significant non-monotonic parabolic shape. This
phenomenon can be explained by the competitive mechanism between the elastic stress tensor T,
and the viscous stress u,Vu in the LPTT constitutive equation [40, 46]. In the low u,, region (1, <

0.005Pa - s), the polymer viscosity is low, and the elastic stress T,dominates. The high-gradient
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velocity distribution of exponential driving (the edge velocity is significantly higher than the center)
can stimulate a significant stretching component of the strain rate S under low stress u,, thereby
increasing the reaction force of the fluid on the robot and improving the propulsion efficiency. In the
high-p,, region (i, > 0.005Pa-s), as p,, increases, the contribution of the viscous stressu,Vu
strengthens, resulting in rapid energy loss through viscous dissipation ( ti,,|Vu|?). At the same time,
the shear-thinning effect in the LPTT model is suppressed (an increase in p, reduces shear
sensitivity), further weakening the dynamic response ability of the elastic stress, and ultimately

leading to a decrease in velocity.
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Figure 5 The results of average velocity ¥ obtained from simulations where w,, varies in the range
0of 0.001-0.01Pa - s in the viscoelastic fluid of the LPTT constitutive model, with A and ¢ kept
constant at 0.01s and 0.01 respectively, The blue (exp), red (In), and green (sin) represent the results
under three driving velocities respectively. The corresponding three curves are fitting curves.

In viscoelastic fluids, the v generated by exponential-function driving drops to around 0.2um/s,
much lower than the situation in Newtonian fluids. This phenomenon can be attributed to the
characteristics of viscoelastic fluids and the complex interaction between the velocity distribution of
exponential-function driving and the internal stress of the fluid. In Newtonian fluids, the fluid
viscosity is constant and the flow behavior is relatively simple. However, in viscoelastic fluids,
parameters such as polymer viscosity, relaxation time, and elongation rate are coupled with each other,
making the fluid flow behavior complex. The velocity distribution of exponential-function driving
has a high gradient, with the edge velocity significantly higher than the center velocity. This excites
significant elastic and viscous stresses in viscoelastic fluids, resulting in a significant decrease in the
average velocity generated by exponential-function driving in viscoelastic fluids.

The average velocity of logarithmic-function driving shows a unique "first-decreasing-then-
increasing" trend as 0.2um/s increases ( U, = 0.437um/s , Up = 0.002Pa-s; Tpey =
0.474um/s, p, = 0.01Pa-s). This behavior stems from the nonlinear coupling between the
gradient of the driving function and the shear-thinning of the fluid. In the low-u,, range (u, <
0.002Pa - s), under the dominance of fluid elasticity, the gentle velocity gradient (gradual change of
velocity from the center to the edge) of logarithmic driving cannot effectively excite the stretching
stress field. At this time, the accumulation of elastic stress T, is insufficient, resulting in a propulsion
efficiency lower than that of exponential driving. In the medium-and high-p,, range (u, > 0.002Pa -
s), the shear-thinning effect of the LPTT model is significantly enhanced. The high shear rate in the
edge region leads to a local decrease in viscosity, reducing energy dissipation. At the same time, the
low shear rate of logarithmic driving in the central region maintains a relatively high-viscosity
"pseudo-solid core"[47][48], forming a stable propelling force anchor point. Finally, the velocity
recovery is achieved through the viscosity difference between the edge and the center.

The average velocity of sinusoidal driving is extremely insensitive to the change of p,,, with the
average velocity variation Av < 0.007um/s, always maintaining inefficient propulsion. Its periodic
velocity fluctuations lead to the alternating generation of stretching and compression stress fields in
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the flow field, causing energy dissipation: the periodic velocity changes induce the rapid relaxation

of elastic stress Te(/l%Tem), generating an additional energy dissipation pathway and may also

cause nonlinear resonance suppression. In addition, numerical errors or the marginal effects of
nonlinear terms in the model may also have a certain impact on the results.

The results of this set of simulation experiments can guide the selection of robot driving modes.
For instance, in a blood-like environment (i, ~ 0.003Pa - s), exponential driving is employed to
maximize the utilization of elastic stress. In a mucus-like environment (u, = 0.008Pa - s), switch to
logarithmic driving to optimize energy transfer through shear-thinning. Meanwhile, the relatively

high robustness of the sinusoidal function can be well-exploited.
3.3 Research Results on A in Viscoelastic Fluids of the LPTT Constitutive Model

Next, with u, and € held constant at 0.001 Pa-s and 0.01 respectively, 4 is varied within the
range of 0.01-0.1 s. (Figure 5) shows the influence of 4) on the average velocity v of the microrobot
under three driving functions in viscoelastic fluids. The horizontal axis represents A (unit: s), and
the vertical axis represents ¥ (unit: pm/s). The results are as shown in (Figure 5).
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Figure 6: The results of v obtained from simulations where A varies in the range of 0.01-0.1 s in
the viscoelastic fluid of the LPTT constitutive model, with w, and & kept constant at 0.001Pa - s
and 0.01 respectively, The blue (exp), red (In), and green (sin) represent the results under three
driving velocities respectively. The corresponding three curves are fitting curves.

As can be seen from the figure, under exponential-function driving, v rapidly rises from
0.215um/s at A =0.01s to a peak value of 0.268 um/s at A = 0.02s, and then gradually
decreases to 0.203um/s at A = 0.1 s. The experimental data is highly consistent with the dynamic
process of elastic stress accumulation-relaxation of the LPTT model. When A < 0.02s, the relaxation

. o . . v
time of polymer chains is short, the elastic stress T, relaxes rapidly, and the term AﬁTem

dominates, resulting in insufficient stress accumulation.

At this time, the high-gradient velocity distribution of exponential-function driving (the edge
velocity is significantly higher than the center velocity) can partially excite the stretching stress, but
is limited by the rapid dissipation during the relaxation process, resulting in low propulsion
efficiency.A = 0.02 s is the inflection point of the trend change. The increase in A delays the
relaxation of elastic stress, allowing T, to accumulate for a longer time in the flow field, forming a
stronger stretching stress reaction force. At this time, the velocity gradient of exponential driving and
the stress accumulation rate reach the best match, and the velocity reaches the peak value. After this
point, the excessively long relaxation time leads to the excessive accumulation of elastic stress T,,
causing local stress concentration (such as at the tail of the robot), generating a reverse resistance
V - T,. Meanwhile, the stretching viscosity 7,( u,A)of polymer chains in the LPTT model increases
significantly, further suppressing the fluid flow, and ultimately leading to a decrease in velocity. It
can be seen thatin alow-4 environment such as lymph fluid, exponential driving is adopted to rapidly
excite elastic stress. Because the short relaxation time enables the elastic stress to quickly respond to
the change in velocity gradient, thus generating an effective propelling force.
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Under logarithmic function driving, v decreases from 0.446um/s at A = 0.01s to a peak
value of 0.394um/s atA = 0.03s, and then tends to be stable, showing an "L-like" curve with an
overall "first-decreasing-then-stable" trend. In the initial decreasing stage when A ranges from 0.01s
to 0.03s, the gentle velocity gradient of logarithmic driving (gradual change of velocity from the
center to the edge) can partially utilize the elastic stress accumulation at low A. However, as 4
increases, the relaxation time of polymer chains prolongs, and the local overload of elastic stress T,
(such as in the edge region) causes energy dissipation, resulting in a decrease in velocity. In the stable
stage when A > 0.03s, the shear-thinning effect of the LPTT model is significantly enhanced at high
A. The high shear rate in the edge region leads to a decrease in viscosity, offsetting the negative impact
of elastic stress overload, and ultimately forming a dynamic equilibrium, with the velocity tending to
be stable.

The fitting curve of the results under sinusoidal-function driving is nearly horizontal, indicating
that it is extremely insensitive to the change of A. ¥ is always maintained between 0.224pm/s and
0.225um/s. This reflects the mismatch mechanism between periodic fluctuations and elastic
relaxation. The periodic velocity changes of sinusoidal driving are much lower than the relaxation
frequency of polymer chains f,..;,, = 1/A4, resulting in a phase lag in the response of elastic stress
T, and unable to form an effective accumulation of propelling force. Meanwhile, the periodic flow
field disturbance induces the non-uniform distribution of elastic turbulence V-T,, further
exacerbating energy dissipation, so that the efficiency of sinusoidal driving is always maintained at a
low level.

Through simulation, the influence of 4 on the motion of microrobots is revealed, and its essence
is the dynamic balance of elastic stress accumulation and relaxation. This discovery provides key
parameter data for the optimization of driving strategies.

3.3 Research Results on &€ in Viscoelastic Fluids of the LPTT Constitutive Model

Finally, a simulation study was conducted on the influence of the change of the third parameter &
in the LPTT constitutive equation on the robot's velocity. With p,, and A kept constant at 0.001Pa -
s and 0.01s respectively, € was varied in the range of 0.01-0.1.

It is easy to see that the fitting curves of the average velocities of the robot under the three driving
methods are all approximately horizontal lines. Under exponential driving, v slightly decreases from
0.21456 ym/s at € = 0.01 to 0.21411 uym/s at €= 0.1, with a change amplitude of only
0.00045um/s. Under logarithmic driving, v slightly increases from0.44573um/s at the initial
stage to 0.44586pum/s, with almost no change. Under sinusoidal driving, the fitting curve is almost a
perfect horizontal line, indicating that the change of & within the experimental range has no
observable effect on its propulsion efficiency.
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Figure 7 The results of € obtained from simulations where v varies in the range of 0.01-0.1. in the
viscoelastic fluid of the LPTT constitutive model, with u,, and A kept constant at 0.001Pa - s and

0.01s respectively, The blue (exp), red (In), and green (sin) represent the results under three driving
velocities respectively. The corresponding three curves are fitting curves.
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A further analysis of the experimental results reveals the following reasons. First, the coupling
effect between the variation range of ¢ (0.01-0.1) in the experiment and other model parameters is

weak. For example, when p, = 0.001Pa-s and A = 0.01s, the magnitude of the coefficient uipe
of the nonlinear term is 10e. For & = 0.1, this coefficient is 1, which theoretically should
significantly affect the model response. Second, the value of tr(T,,,) in the actual simulation may
be low, resulting in a small actual contribution of the nonlinear term, thus weakening the influence
of €. Meanwhile, the two-dimensional flow field adopted in the experiment is mainly shear-flow,
and the stretching component (such as the acceleration-deceleration zone along the flow direction) is
weak. Since € mainly regulates the stretching viscosity 7., its effect is masked in the shear-
dominated flow field, leading to insufficient data sensitivity. Considering the spatial characteristics
of the driving function, during exponential and logarithmic driving, the velocity gradient mainly
excites the shear stress 7, and € has little direct influence on the shear viscosity. During sinusoidal
driving, although the periodic fluctuation may induce stretching flow, it is limited by the low A
(0.01s), and the elastic stress relaxes rapidly, so the stretching viscosity effect is not fully accumulated.

4. Conclusion

This research systematically explores the motion dynamics of capsule-shaped microrobots in
Newtonian and viscoelastic fluids under complex boundary conditions, with a focus on the coupling
effect between rheological parameters and surface-driven propulsion strategies. Through the
integration of theoretical modeling, numerical simulation, and parameter sensitivity analysis, the
following key conclusions are drawn:

First, in Newtonian fluids, the velocity of microrobots is significantly affected by the proximity of
sinusoidal-waveform boundaries, which stems from the interaction of boundary layers. The
exponential-type surface-driven velocity distribution exhibits excellent propulsion efficiency, which
is attributed to the stable hydrodynamic thrust generated by its high-velocity gradient at the edge. In
contrast, the periodic fluctuations of the sinusoidal velocity distribution reduce the propulsion
stability. These findings highlight the crucial role of boundary-layer dynamics and surface velocity
distribution in the optimization of low-Reynolds-number motion.

The behavior of viscoelastic fluids and parameter coupling: Analysis of viscoelastic fluids based
on the LPTT constitutive model reveals the nonlinear interaction between rheological parameters and
propulsion efficiency:

Polymer viscosity u,: The critical threshold(u, = 0.005Pa - s) dominates the transition from
elasticity-dominated to viscosity-dominated. In low-y,, fluids (such as blood), exponential driving
can maximize the utilization of elastic stress; while in high-u, fluids (such as mucus), logarithmic

driving optimizes energy transfer through the shear-thinning effect.

Relaxation time A: A short-A environment (such as lymph fluid) is conducive to rapid stress
response, while an excessively long-A causes energy dissipation through local stress concentration.

Elongation rate parameter €: Within the tested range (0.01 < € < 0.1), the influence of & on the
shear-dominated flow field is negligible.

The research results provide practical guidance for the design of microrobots in clinical scenarios.
In targeted drug-delivery applications, exponential driving is suitable for the blood environment,
while logarithmic driving is suitable for mucus-rich regions. In other applications, for example,
through A-sensitive adaptive propulsion control, the penetration efficiency in fibrin-rich flow fields
can be improved to achieve thrombus navigation.

In summary, this research establishes a basic framework for the motion of microrobots in complex
rheological environments. Through the deep integration of data and theory, it emphasizes the core
roles of surface driving, fluid-solid coupling, and multi-parameter synergy. By addressing theoretical
and application challenges, it reveals the nonlinear influence of w,, A and € on the motion of
microrobots. The research achievements lay the foundation for a new generation of medical
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microrobots, enabling them to achieve precise navigation in physiologically realistic environments
and providing quantitative basis and innovative ideas for the design of driving strategies in clinical
translation.
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