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Inspired by the bristle-like anisotropic structures of foxtail grass, this letter presents a dual-soft-legged vibratory robot
that exploits frictional anisotropy to generate directed locomotion driven by a single eccentric motor. The interaction
among structural deformation, eccentric inertial excitation, and tangential friction enables transitions among multiple
locomotion states. A reduced dynamic model is then developed to couple forward translation, heave, and pitch rotation
with Coulomb friction under unilateral contact. Numerical simulations identify different locomotion states governed
by soft-leg stiffness and excitation frequency, including stationary, slow-forward, intermittent, transitional, and high-
speed forward states. Experiments validate the results and show that the measured displacement arises from repeated
stick–slip transitions. An implicit critical equation derived from the simplified dynamic model captures the onset
boundary between stationary and moving states, while the resonance curves closely align with the characteristic regions
in the numerical state map. This agreement reveals that locomotion emerges from the interaction among eccentric
inertial forcing, dynamically modulated friction thresholds, and resonant structural response. This work establishes a
physical framework for friction-driven vibration mechanism and provides insight into the use of structural resonance
for tunable stick–slip locomotion.

Frictional regulation is a central mechanism for locomo-
tion in both biological and engineered systems. Organisms
such as geckos, caterpillars, and mayfly larvae exploit struc-
tured contacts, body deformation, or anisotropic interfacial
forces to regulate adhesion and propulsion. Autumn et al.1–4

studied the epidermal bristle structures of geckos and lizards.
They found that van der Waals forces between bristle and
contact surfaces, along with the resulting friction, are key to
adhesion. Plaut et al.5,6 analyzed the locomotion behavior
of inchworms. They explored how inchworms regulate fric-
tion through body deformation. Petra et al.7–10 studied the
gill structures of mayfly larvae. They found that the inter-
action between gills and pebbles effectively reduces the im-
pact of water flow. In summary, such structural adaptability
effectively regulates frictional interactions with contacted ob-
jects, which holds great potential for micro-robot applications.
Therefore, extensive research on bio-inspired functional struc-
tures has widely investigated11–15.

Frictional anisotropy in bio-inspired functional structures
has attracted considerable attention16–18. Some studies show
that asymmetry and rigidity of surface structures have the
main influence on frictional anisotropy19,20, which provide
a broad foundation for fabricating structures with friction-
induced anisotropy20–23. Meanwhile, soft-legged robots based
on this principle have drawn much interest due to their diverse
locomotion modes and complex mechanisms. Yan et al.24 pro-
posed a vibratory robot with an array of soft legs. Through
vibration driving and multi-leg coordination, it achieved ef-
ficient locomotion on complex terrain. Meng et al.25 estab-
lished a mechanical model for a vibratory robot with a soft-
leg array. They analyzed the triggering conditions and mech-
anisms of sliding and jumping modes, which provided guid-
ance for stiffness design and terrain adaptation of soft-legged
robots.

Barois et al.26 combined mechanical resonance with the
nonlinearity of stick-slip friction. This enabled direction-

controllable locomotion of soft structures on a vibrating plat-
form. Iyobe et al.27 developed a single-motor-driven soft-
bodied vibration robot based on two-dimensional repetitive
slit patterns (2DRSPs), in which the body stiffness distribution
was designed to tune resonant vibration modes. By chang-
ing the motor vibration frequency, different resonant modes
were selectively excited, allowing the robot to switch among
rotation and forward/backward locomotion modes. However,
these studies mainly focused on single soft bodies, minimal
soft structures, or systems with a limited number of contact
elements; the locomotion-state selection and transition mech-
anisms in mechanically coupled multi-leg soft systems remain
insufficiently resolved. Liu et al.28 and Iyobe et al.27 demon-
strated that locomotion responses can be regulated by exci-
tation parameters, frictional asymmetry, and structural res-
onance. Additionally, stick-slip transition has been widely
recognized as a threshold frictional instability governing the
onset of sliding and friction-mediated motion29. However,
the coupled dynamics among structural vibration, multi-point
frictional contact, and collective leg motion have not yet been
systematically clarified.

Foxtail grass is a common plant in nature whose inclined
bristle-like structures produce anisotropic frictional interac-
tions with contacting surfaces. When placed on a vibrating
platform, foxtail grass exhibits repeatable directional motion,
reflecting the frictional anisotropy associated with its inclined
bristle morphology, as shown in Figure 1(a,b). Inspired by
this bio-inspired frictional mechanism, this letter introduces
a dual-soft-legged vibratory robot driven by a single eccen-
tric motor to study friction-regulated stick–slip locomotion.
Figure 1(c) shows the robot prototype, which consists of two
soft legs oriented in the same direction to generate asymmet-
ric tangential friction. By varying the soft-leg stiffness and
excitation frequency, the robot can transition among distinct
locomotion states. A theoretical dynamic model is established
to describe the coupling among forward translation, heave,
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pitch rotation, and Coulomb friction under unilateral contact,
as shown in Figure 1(d). Numerical and experimental results
demonstrate that the robot exhibits multiple locomotion states
governed by soft-leg stiffness and excitation frequency. Fur-
thermore, the implicit onset criterion and the agreement be-
tween resonance curves and the numerical state map reveal
the mechanism underlying the transition between stationary
and moving states.

FIG. 1: Bio-inspired design of the dual-soft-legged vibratory robot
based on the anisotropic bristle structure of foxtail grass. (a)

Inclined bristle-like morphology of foxtail grass. (b)
Vibration-induced directional locomotion of foxtail grass on a

vibrating platform. (c) Bio-inspired robot prototype. (d) Reduced
dynamic model. Multimedia available online.

This letter models the dual-soft-legged vibratory system as
the reduced dynamic model shown in Figure 1(d). It consists
of two identical mass-spring-damper systems, a connecting
plate, and an eccentric motor, the eccentric inertial excitation
induces structural deformation, modulates the normal con-
tact force, and changes the instantaneous friction threshold,
thereby producing tangential stick–slip locomotion. Here, m
denotes the mass of each mass block. l0 and m0 denote the
length and mass of the connecting plate, respectively. Ae,me,
and ω denote the eccentricity, eccentric mass, and rotational
frequency of the eccentric motor, respectively. k and c denote
the spring stiffness and damping coefficient, respectively. μ
denotes the friction coefficient between the soft legs and the
ground during rightward motion.

For simplicity, several assumptions are introduced: the con-
necting plate is modeled as rigid; the tangential friction fol-
lows Coulomb’s friction law30; the spring and damper re-
main perpendicular to the ground at all times; the mass of
the spring-damper system is negligible compared to the total
mass; the backward friction coefficient is assumed to be suffi-
ciently large compared with the forward friction coefficient16.

The forward displacement x, heave displacement y, and
pitch rotation of the plate center θ are introduced to describe
three generalized coordinates: forward translation, heave, and
pitch rotation about the plate center C. For x, the rightward
direction is defined as positive. For y, the upward direction is
defined as positive. In the right-hand coordinate system, the
counterclockwise direction is defined as positive for θ . At the
initial moment, the eccentric block of the motor starts rotat-

ing clockwise from the top position. All coordinates are zero.
The springs are at their natural lengths. The connecting plate
is horizontal. The left and right mass blocks are labeled as
blocks 1 and 2, respectively.

The dynamic equations of the system are established using
the Lagrange equation (Appendix A)

(2m+m0 +me)ẍ−meAeθ̈ cos(ωt −θ)−
meAe(ω − θ̇)2 sin(ωt −θ) = 2μ(ky+ cẏ),

(1)

(2m+m0 +me)ÿ+meAeθ̈ sin(ωt −θ)−
meAe(ω − θ̇)2 cos(ωt −θ)+

(2m+m0 +me)g+2ky+2cẏ = 0,

(2)

(
ml2

0

2
+

m0l2
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12
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e θ̈ −meẍAe cos(ωt −θ)+

meÿAe sin(ωt −θ)+megAe sin(ωt −θ)+
kl2

0 sin(2θ)
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+
cl2

0 θ̇
4

(cos2θ +1) =−2μy(ky+ cẏ).

(3)

Since the contact between the soft legs and the ground is a
unilateral constraint, whether each soft leg contacts the ground
must be discussed. As the eccentric motor rotates, the ec-
centric force excites the system to vibrate. The normal force
changes accordingly, which further alters the maximum static
friction the system can produce. Forward slip occurs when the
horizontal component of the eccentric inertial force exceeds
this instantaneous friction threshold. The detailed numeri-
cal calculation flowchart is given in Appendix B. Two motion
states are distinguished in this procedure. In the sliding state
both soft legs remain in contact with the ground, so the nor-
mal contact force of each leg is positive, the friction threshold
varies with the instantaneous normal force, and forward slip
occurs whenever the horizontal component of the eccentric in-
ertial force exceeds this threshold. The stepwise displacement
response discussed below is the result of these repeated cross-
ings. In the jumping state the normal contact force of a soft
leg vanishes and that leg leaves the ground, so the stiffness
and damping contributions of the airborne leg are removed
from the corresponding equations and the motion is governed
by the contact state of the remaining leg, as described in Ap-
pendix B. For the parameters used in the main text the system
is essentially in the sliding state; the jumping state occurs at
higher excitation frequencies or in the resonance region. The
dynamic equations are solved numerically using MATLAB.

Using the system parameters listed in Table I, the simulated
horizontal displacement response is obtained, as shown in Fig-
ure 2(b). Over a long time scale, the displacement exhibits an
almost linear forward drift. A magnified view reveals discrete
slip jumps separated by sticking intervals, indicating that the
apparent continuous drift results from accumulated stick-slip
events.

To validate the model, a dual-soft-legged vibratory robot
with parameters consistent with Table I was fabricated, as
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TABLE I: Model parameters

Parameter Value Unit

Mass of each mass block m 0.022 kg
Mass of connecting plate m0 0.0155 kg
Mass of eccentric block me 0.0026 kg

Length of connecting plate l0 0.05 m
Eccentricity (amplitude) Ae 0.002 m

Equivalent damping coefficient of legs c 0.8 N · s/m
Equivalent stiffness coefficient of legs k 450 N/m

Angular frequency of motor ω 278.65 rad/s
Friction coefficient for forward motion μ 0.37

Gravitational acceleration g 9.81 m/s2

FIG. 2: Model validation and stick–slip mechanism. (a)
Experimental setup for high-speed imaging and laser displacement
measurement. (b) Simulated and measured horizontal displacement
responses with a magnified stick–slip cycle. (c) Horizontal inertial

force and instantaneous friction threshold, with points a–d
indicating the characteristic instants.

shown in Figure 2(a). A high-speed camera (Revealer
ISP502M, 1000fps, 1080p) was used to record the locomo-
tion behavior. The robot’s base plate was made of Bambu
PLA Basic, and the brushes were made of Bambu TPU95A
HF. The fabrication machine was Bambu H2D. The brushes
were bonded to the base plate using double-sided tape. The
robot was driven by a coreless motor with an eccentric block.
The substrate for experiments was an acrylic (PMMA) plate.

The methods for measuring soft-leg stiffness and kinetic
friction coefficient are given in Appendix C. A stick-slip phe-
nomenon of intermittent motion was observed. A laser range
finder was used to record the distance between one side of the
robot and the sensor over time. This yielded the horizontal

displacement curve of the robot. The experimental setup is
shown in Figure 2(a). The stick-slip effect during robot loco-
motion is clearly visible. A comparison with the simulation
results is shown in Figure 2(b). The measured displacement
exhibits the same stepwise stick–slip phenomenon as the sim-
ulation, supporting the simplified dynamic model.

To further explore the mechanical mechanism behind the
stick-slip phenomenon, a horizontal force analysis of the sys-
tem is performed. The horizontal inertial force on the system
is denoted as meAe(ω − θ̇)2 sin(ωt − θ). The instantaneous
friction threshold the ground can provide equals the product
of the kinetic friction coefficient and the current normal force.
Both are plotted in the same figure, as shown in Figure 2(c).
The robot remains in the sticking phase when the horizon-
tal inertial force is below the instantaneous friction threshold.
Slip occurs once the inertial force exceeds this threshold. The
stepwise displacement response therefore results from peri-
odic crossings of the friction threshold.

Figure 3 shows the motion of the system at four key instants
during one motor revolution, captured by the high-speed cam-
era. From the latter half of the previous cycle to point a in the
current cycle, the system moves downward and stores elastic
potential energy. At this time, the horizontal excitation is less
than the instantaneous friction threshold, and the system tends
to remain stationary. During the ab and bc stages, the system
moves upward, releases elastic potential energy, and rapidly
advances a short distance. It then stops at point d. The four
image states correspond to the characteristic points in both
the displacement curve in Figure 2(b) and the force curve in
Figure 2(c). This correspondence shows that one motor rev-
olution produces one stick–slip cycle. It can be concluded
from the above analysis that the forward locomotion of the
system results from the combined action of inertial and elastic
forces. Due to the effect of the soft legs, a phase difference
exists between the vertical inertial force and the elastic force.
This phase difference further demonstrates the coupling phe-
nomenon among the forces acting on the system.

To further simplify the dynamic equations, several dimen-
sionless and new parameters are introduced. The dynamic
equations are then rewritten as follows.

ẍ−αAeθ̈ cos(ωt −θ)−
αAe(ω − θ̇)2 sin(ωt −θ) = 2μ(p2y+η2ẏ),

(4)

ÿ+αAeθ̈ sin(ωt −θ)−
αAe(ω − θ̇)2 cos(ωt −θ)+g+2p2y+2η2ẏ = 0,

(5)
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FIG. 3: Motion decomposition within one motor revolution
captured by high-speed imaging. Multimedia 2 available online.

As the rotational speed of the eccentric rotor increases, the
system transitions from a stationary state to a forward loco-
motion state. The frequency at which this transition occurs is
called the critical frequency in this letter, denoted as ωc . Near
the onset of locomotion, the mean forward displacement, ve-
locity, and acceleration vanish, allowing the horizontal equa-
tion to be reduced to a quasi-static balance between eccentric
inertial forcing and the friction threshold. Meanwhile, it is
assumed that both soft legs of the system remain in contact
with the ground at this stage and that no jumping state exists.
For the heave and pitch degrees of freedom, strong coupling
appears between them. In the following analysis, the stiffness
of pitch motion is greater than that of heave motion. There-
fore, the pitch degree of freedom is neglected. Based on the
above assumption, the following implicit critical equation is
obtained:

μ2g2 = (αAeω2
c )

2{(
1+

2μω3
c η2

Δpc

)2

+

(
2μ
Δpc

[
p2(2p2 −ω2

c )+2η4ω2
c
])2

}
,

(7)
where Δpc = (2p2−ω2

c )
2+(2η2ωc)

2. This equation provides
an implicit onset criterion for the transition between stationary
and moving states. The criterion links the start-up boundary to
eccentric inertial forcing, frictional resistance, and the heave
response of the soft-legged system. The above assumption has

TABLE II: Parameters that reveal more complete regularities

Parameter Value Parameter Value

α 0.07407 μ 0.1
β 0.00368 Ae(m) 0.1

ε 10 g(m/s2) 9.81
η 0.43035 M(kg) 1

been verified for the systems represented by this letter. The
detailed derivation of the implicit critical equation together
with the proof of these assumptions is given in Appendix D.

Through parametric analysis of the system, the parameters
listed in Table II are obtained. With these parameters, the lo-
comotion behaviors exhibited by the system are more diverse
and pronounced than those obtained with the parameters listed
in Table I. Therefore, the parameters listed in Table II are sub-
stituted into the dynamic equations for further investigation.
By setting different values of ω and k, the system is found
to exhibit five distinct locomotion states. Among them, the
four dominant states are the stationary state, the slow-forward
state, the intermittent state, and the high-speed forward state.
Notably, a new mixed state appears between the stationary and
locomotion states, namely the intermittent state. As shown in
Figure 4(c), the system periodically alternates between sta-
tionary and moving in this state. When the time domain is
further zoomed in, the motion curve is also found to consist
of multiple step-like segments. This indicates that the system
exhibits a “quasi-fractal” phenomenon of stick-slip motion in
this state.

FIG. 4: Representative horizontal displacement responses for four
locomotion states: stationary, slow-forward, intermittent, and
high-speed forward. The inset highlights the local stepwise

stick–slip motion in the intermittent state.

To more intuitively show the relationship between locomo-
tion states and ω and k, the contour map in Figure 5 is plot-
ted. Two special protruding peaks can be observed in the map.
This motivates consideration of the effect of the system’s nat-
ural frequencies. Analysis reveals that the system has a heave
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natural frequency and a pitch natural frequency, denoted as

ωh =

√
2k

2m+m0 +me
=
√

2p

and

ωp =

√
6kl2

0

6ml2
0 +m0l2

0 +12meA2
e

respectively (see Appendix E for the derivation). The two nat-
ural frequency curves are plotted on the map. It is found
that the red curve (heave natural frequency) and the cyan
curve (pitch natural frequency) pass exactly through the mid-
dle of the two peaks. Moreover, the intermittent state with
the “quasi-fractal” phenomenon appears precisely around the
heave natural frequency curve, as shown in Figure 5. This
demonstrates that resonance regulates the locomotion states
of the system.

FIG. 5: Locomotion state map with heave/pitch resonance curves
and the onset boundary.

Furthermore, the implicit start-up critical equation repre-
sented by (7) is plotted as a yellow curve in Figure 5. The
curve effectively separates the static and dynamic states of the
system. This not only proves the validity of the start-up criti-
cal equation but also reveals the diverse locomotion states that
metastable systems near the critical curve may exhibit.

In summary, through theoretical modeling, numerical sim-
ulation, and experimental validation, this letter demonstrates
that the proposed theoretical dynamic model of the dual-soft-
legged vibratory robot can reflect the locomotion and mechan-
ical behavior of the actual model to a certain extent. The re-
sults show that by changing the soft-leg stiffness and motor
excitation frequency, the robot exhibits multiple locomotion
modes based on the stick-slip effect, such as the stationary
state, the intermittent state, and the high-speed forward state.
In addition, the plots demonstrate the regulation of robot lo-
comotion states by resonance. The locomotion criterion equa-
tion for the simplified model is also proposed. These results
are of significant reference value for advancing research on
robots with stick-slip effects.

See the supplementary material for the derivation of
the simplified dynamic equations, the numerical calculation
flowchart, the experimental calibration of stiffness and
friction, the implicit critical equation, and the uncoupled
natural frequencies. Figures S1–S3 show the bio-inspired
design, numerical flowchart, and experimental setup.
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