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Abstract

Robot locomotion on rigid terrain or in fluids has been studied to a large extent. The locomotion dynamics on or within soft sub-
strates such as granular material (GM) has not been fully investigated. This paper proposes a hybrid force model to simulate and evalu-
ate the locomotion performance of a legged terrestrial robot in GM. The model incorporates an improved Resistive Force Theory (RFT)
model and a failure-based model. The improved RFT model integrates the force components of individual leg elements over the curved
leg portion submerged in GM at any moment during a full period of leg rotation. The failure-based model is applied in a bar drag model
to yield the normal and the lateral forces of the individual RFT elements as functions of the locomotion depth and speed. The hybrid
model is verified by the coincidence between the theoretical predictions and the experimental results. The hybrid model is used to analyze
the effects of angular velocity and leg shape with high precision and can guide the design of the legs with any profiles. Our study reveals
that the interactions between locomotor and substrate are determined by the locomotor structural characteristics, the nature of the sub-
strate, and the control strategy.
� 2015 ISTVS. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Developing robots able to overcome complex environ-
ments has aroused more and more interests. A number of
research groups have done excellent work on exploring
robot locomotion in solid, liquid, and the transitional
environments (Saranli et al., 2001; Raibert et al., 2008;
Crespi et al., 2013; Boxerbaum et al., 2005; Dudek et al.,
2007). Understanding dynamics of locomotors in soft sub-
strates is significant to improve the locomotory perfor-
mance of the robots in terrains such as desert and beach.
Generally, there are two methods to explore the interaction
between robots and terrains. One is through semiempirical
equations based on well-known pressure-sinkage model
http://dx.doi.org/10.1016/j.jterra.2015.03.005
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(Bekker, 1969) and shearing stress-displacement model
(Janosi and Hanamoto, 1961), which has been widely used
in design of locomotors and soil mechanics prediction
(Asnani et al., 2009; Ding et al., 2013; Iagnemma et al.,
2004; Ding et al., 2013; Patel et al., 2004). The other
method is mainly through FEM or DEM simulation based
on different contact models (Xia, 2011; Fervers, 2004;
Smith and Peng, 2013), these works also promoted the
in-depth understanding of material properties and their
interaction with robots. However, the limitation of the
existing models generally cannot be applied when the
locomotors semi-submerge in loose terrain (Terzaghi,
1943), and the parameters in simulation model have to be
carefully adjusted to reflect the practical situation. Con-
sidering this, robot locomotion in granular materials
(GMs) is still in need of extensively study. Compared with
solid and liquid materials, GMs show elastic deformation
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Nomenclature

r normal stress (Pa)
s tangential stress (Pa)
Ff forward advancing force (N)
Fs supportive force (N)
T torque (N m)
c density of GM (g/cm3)
h height of the fixed motor axle (cm)
h1 depth of bar (cm)
h0 width of bar (cm)
Ls subsurface part length of curved leg (cm)
b angle of direction of F\(�)
Fz lift force on the bar (N)
n angular position of element (rad)
d submerging depth of element (cm)
x angular velocity of the leg (rad/s)
v speed vector of element/bar (rad/s)
F\ normal force component (N)

Fk tangential force component (N)
C\ maximum F\ (N)
Ck maximum Fk (N)
W1, W2 weight of GM in active/passive failure state (N)
a, b axis of elliptical legs
/, /w friction angle within sand/between sand and bar

(rad)
r distance from element to rotating axle (mm)
Mx, My torque caused by dFf and dFs (N m)
a1, a2 angle between active/passive failure plane and x

-axis negative direction (rad)
X1, X2 forces among sands in various states (N)
P, Pw force between bar and sands in passive failure

region/force on sands in active failure region (N)
k, k coefficient for variation of GM bulk density (-)
w angle from v to tangential direction of element

(�)
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below the yield limit and different rheological properties
when destructed (Terzaghi, 1943; Kadanoff, 1999).

Some researchers have revealed GMs failure characteris-
tics as well as the dynamics of intruders of regular shape
moving in GMs. For example, Nedderman described the
statics and the kinematics of GMs in a container
(Nedderman, 2005); Albert et al. studied the forces applied
to a cylinder as it was dragged in a GM at a low speed
(Albert et al., 1999); Camorra et al. analyzed the projectile
impact for improved calibration in particle dynamics sim-
ulation (Ciamarra et al., 2004). Recently, Maladen et al.
proposed the “Resistive Force Theory” (RFT) to model
the undulatory swimming of a sandfish lizard (Goldman
et al., 2009). Despite these efforts, it is still difficult to esti-
mate the interaction forces between the locomotion mecha-
nisms and the substrate, which is crucial for the locomotion
performance of desert robots, amphibious robots or plane-
tary robots in GM environments (Goldman et al., 2009;
Liang et al., 2012; Knuth et al., 2012; Zhang et al., 2013;
Gao et al., 2012). One obstacle is that the locomotion of
the robot legs with complex shapes in GM involves varying
intruding depths and directions that can hardly calculated
through a limited number of experiments.

In this paper, a hybrid force model that incorporates an
improved RFT model and a failure-based model is pro-
posed to explore the leg–GM interaction with a relatively
high precision. The failure-based model calculates the
forces on a dragged bar within GM at a low speed. With
minor modifications, it can also be applied to move within
GM at a high speed. By combining the failure-based model
with an improved RFT model, one can conveniently esti-
mate the forces applied to the locomotors as they penetrate
in GM. The proposed hybrid model needs only a limited
number of parameters that are readily measurable, as evi-
denced by our experiments. It is also observed that the
angular velocity contributes negligibly to the leg–GM
interaction within a certain working range. With such sim-
plification, the forces and torques applied to different types
of semi-elliptical legs are calculated in order to reveal the
performance dependence of robot locomotion and guide
the leg shape design. A major advantage of the proposed
model is that it considers the macroscopic effect of force
chains in the GM environment without the need to include
the complicated microscopic parameters, such as the orig-
ination and the transmission of the forces among granular
particles. In summary, this study forms the basis for leg–
GM interaction analysis and may further guide the design
of the robot legs for optimal locomotion performance in a
GM environment.

2. Materials and methods

The locomotion performance of a terrestrial robot is
determined by the propulsion modes associated with the
structure of the locomotors. Two common types of
locomotion structures are wheels and legs. As a popular
man-made locomotion mechanism, the wheel is designed
to accomplish many daily tasks on even terrain, and the
wheel–soil interaction has been extensively studied
(Asnani et al., 2009; Ding et al., 2013; Iagnemma et al.,
2004; Senatore et al., 2013). Legged robots or human
beings are able to adapt to rough terrain, and the leg-
terrain dynamics is usually analyzed with an inverted pen-
dulum model. Furthermore, the dynamics between straight
legs and GMs are also explored with various experiments
and simulations (Ding et al., 2013; Liu and Kushwaha,
2010; Yeomans et al., 2013; Scott and Saaj, 2012). As pre-
sented by the previous study, both of these two locomotion
structures suffer the performance lost in GMs (Lejeune
et al., 1998).
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2.1. Locomotion mechanisms in GM

The locomotion performance of a wheel in a granular
substrate environment differs significantly from that on
even ground. In wheeled locomotion, the normal stress r
acting on the edge of the wheel contributes to the most
of the supportive force, while the tangential stress s con-
tributes to the most of the forward advancing force, as
sketched in Fig. 1a. In GM cases, this results in the lack
of propulsion. In comparison, a human being or a huma-
noid robot can easily obtain sufficient forward advancing
force Ff but thwarted by the subsidence of the leg owing
to a small supportive force Fs. Therefore, the locomotion
performance of these legs is also unsatisfactory in a GM
environment (Fig. 1b). A thorny wheel keeps an appropri-
ate balance between the supportive and the propulsive
forces that may eventually enhance the locomotion perfor-
mance. However, the practical use of a thorny wheel is lim-
ited by its complicated structure that may be easily
weakened or even invalidated owing to the attachment of
the substrate (Bekker, 1956). After considering the advan-
tages and the limitations of a thorny wheel, we believe a
curved leg (as sketched in Fig. 1c) should be a better design
adopting the advantages and avoiding the disadvantages,
by intelligently applying solidification of GM through a
simple profile.

The C-shaped (i.e., semicircle) leg is a common curved
leg that has been adopted in RHex series robots, such as
SandBot for effective locomotion in a GM environment
(Goldman et al., 2009). The locomotion velocity of the
SandBot robot as functions of the sand packing fraction,
the angular velocity and the gait control parameters has
been studied in detail. Both experimental observations
and numerical simulations have demonstrated the advan-
tages of this leg type (Li et al., 2009; Li et al., 2010). How-
ever, its force and torque dynamics have not been fully
studied despite their important roles in leg-terrain
dynamics. To overcome this limitation, we propose a
hybrid model that is able to estimate the force and torque
profiles, and further to evaluate the locomotion perfor-
mance of legs of any shape in GMs (Liang et al., 2012;
Xu et al., 2013). This model utilizes an improved RFT
model originated from the motion study on a horizontal
plane (Maladen et al., 2011) and a failure-based model
Fig. 1. Illustration of several locomotion modes in a GM en
inspired by experimental observations and Coulomb’s fail-
ure theory (Nedderman, 2005).

2.2. Improved RFT model

Fig. 2 sketches a curved leg with a fixed motor axle at
height h. h is assumed constant because of the following
considerations: (1) in the case when the substrate is loosely
packed, the robot can be supported with its body resting on
the substrate surface, h is constant; (2) in the case when the
substrate is closely packed, h will fluctuate during leg pene-
trating, however, the forces of legs at each moment could
also be obtained with a certain h at that moment. Without
losing the generality, the leg is represented by an elliptic
equation. Similar to an RFT model (Gray and Hancock,
1955), the curved leg is partitioned into infinitesimal ele-
ments with the tangential and the normal force compo-
nents F\ and Fk applied by GM (Fig. 2). These force
components contribute to the overall forward advancing
force Ff, the overall supportive force Fs and the overall tor-
que T exerted by GM. In this model, we neglect the internal
forces between infinitesimal elements and the variations of
GM packing fraction at different leg locations. With this
approximation, Ff, Fs and T can be obtained by integrating
force components of individual elements over the part of
the leg submerged in GM at any moment during a full per-
iod of leg rotation, as shown below:

F f ðh; hÞ ¼
Z

Ls

F ? cosbþ F ksinb
� �

dl

F sðh; hÞ ¼
Z

Ls

F ?sinb� F kcosb
� �

dl

T ðh; hÞ ¼
Z

Ls

Mx þMy

� �
dl

ð1Þ

with

Mx ¼ dF f ðd þ hÞ
My ¼ dF sðnþ h� p=2Þ

where Ls represents the subsurface part of the curved leg,
Mx and My are the torque caused by Fx and Fy, respec-
tively.

Eq. (1) is able to provide the quasi-static solution for the
leg–GM interaction. However, it is difficult to obtain F\

and Fk values for each element since they are determined
vironment: (a): wheel, (b): human being, (c): curved leg.



Fig. 2. Schematic of RFT analysis for a semi-elliptical leg penetrating GM
at a certain depth. h is the height of the rotation axle above the surface of
GM. d is the depth of the element, dl, from GM surface, n denotes the
angular position of the element. a and b are the long axial radius and the
short axis radius of the elliptical leg, respectively. h denotes the position of
the curved leg, which is defined as the angle from the long axle of the
elliptical leg to the positive direction along y-axis. F\ and Fk are the forces
in the tangential direction of the elliptic at the element and the
corresponding normal direction, respectively. dFf and dFs represent the
forces resolved into x-axis direction and y-axis direction respectively. x
represents the angular velocity of the leg. m denotes the speed vector of the
element, while w denotes the angle between m and the tangential direction
of the element. b denotes the angle between F\ and dFf, r denotes the
distance from the element to the rotating axle.

62 L. Xu et al. / Journal of Terramechanics 59 (2015) 59–70
by many coupled parameters such as the GM characteris-
tics, the submerging depth of the element, the velocity of
the element, and the tangential direction of the elliptical
curve at the designated position. Previous studies have
examined the drag force applied on a submerged rod that
moves horizontally (Kadanoff, 1999; Albert et al., 2000),
the forces applied on an inclined plow or a lug during
movement in GMs (Yang et al., 2014; Percier et al.,
2011), as well as the effect of the locomotor geometry on
the resultant forces (Ding et al., 2011). However, no gen-
eral theory has been established to explain the complicated
locomotion dynamics that involves variable penetration
depths and directions of the moving elements. We propose
an improved RFT model to simulate locomotion dynamics
of a curved leg in GM. It is assumed that the forces applied
on each element are only relevant to its projected area on
the plane perpendicular to its instantaneous velocity direc-
tion, velocity magnitude, and depth d. This assumption is
based on the analogy between GMs and a low Re fluid
in the force origin (Gray and Hancock, 1955; Metcalfe
et al., 2002; Lighthill, 1969). With the assumption, the
forces F\ and Fk can be expressed as following:

F ? ¼ f 1ðw; t; dÞ ¼ f 1ðh; n;xÞ
F k ¼ f 2ðw; t; dÞ ¼ f 2ðh; n;xÞ

ð2Þ

Noted that the forces applied to each element are inte-
grated only when w > 0, as it represents the situation where
the moving element is in contact with GM. When w < 0,
the element moves toward the space where the GM has
been pushed away by the curved leg in the previous posi-
tion. To obtain Ff, Fs, and T, a trapezoidal-cross-section
bar is dragged horizontally in GM to mimic the situation
in a RFT model and the forces perpendicular and parallel
to the longitudinal direction of the bar are recorded
experimentally.

2.3. Bar drag experiment

An experimental setup as shown in Fig. 3a is used for
force recording in locomotion dynamic analysis. A bar is
submerged in GM at a specific depth and dragged by a slid-
ing table fixed to a synchronous belt. The belt is driven by a
stepping motor at a constant speed in the range of
1–100 cm/s. The angle between the longitudinal direction
of the bar and the dragging direction can be conveniently
adjusted by a dividing plate beneath the sliding table. A
six-dimensional force sensor is mounted between the divid-
ing plate and a vertical rod that is connected to the bar to
record the forces exerted on the bar while dragging in dry
sand. The sand used in the experiment is obtained from
river banks that mixed three types of sand at a mixing ratio
of 6:5:1. These sand samples are with particle diameters
(PDs) of about 0.56 mm, 0.28 mm, and 0.125 mm, respec-
tively. The average particle diameter (APD) is about
0.41 mm and the bulk density (the ratio of the mass and
the volume, c) is 1.3454 g/cm3. The experiment is carried
out in a glass tank of 1100 cm � 50 cm � 30 cm (i.e.,
2683 APD � 1220 APD � 732 APD), which is large
enough to eliminate the boundary effect of the tank on
experimental result. The sand particles filled the tank are
fully combed and flattened in order to maintain the same
c before each measurement. The bar is designed to have a
trapezoidal cross section, with its length 10 times greater
than its width. This design simplifies the force estimation
on the stress surface by subtracting the forces on two end
surfaces of the bar and neglecting the forces applied on
the upper and the lower inclined surfaces (Lee and
Herrmann, 1999).

As shown in Fig. 3b, the forces are recorded at different
test conditions during the bar dragged in the GM. The
measured forces demonstrate periodic fluctuations due to
the elastic compression of sand below the critical failure
point and the rapid destruction of sand above it. These
fluctuating forces are averaged within a specific window
in order to study the correlation of the forces with respect
to the dragging angle and depth (Fig. 3d and e). In the
experiment, the lift force in the z-axis direction Fz, the force
normal to the stress surface F\, and the force along the
stress surface Fk (Fig. 3B) were measured with various w,
which is set as an array with 4.5� interval in the range of
0�–90�. Fz caused by drag in horizontal direction was
observed at different w, and increased with the increase of
w (Fig. 3c), which was also analyzed in Ding et al.
(2011), and this inspired the establishment of our failure-
based model, which will be discussed in detail bellow. F\

presents an upward trend in the entire range, for the bar
needed to push away more sand blocking its way as w
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Fig. 3. Bar drag experiment performed to predict the forces on the element in Eq. (2). (a): Schematic of the experimental setup, v is the velocity of the bar.
F\ and Fk represent the normal force and the tangential force on the bar, respectively. Angle w between Fk and v is adjustable with a 4.5� resolution. Fz

denotes the lift force caused by horizontal drag. (b): An example of the bar dragged in the GM. (c): Average Fz measured at different w at depth of 2 cm.
(d): F\ and (e): Fkmeasured in the experiment with respect to w at depth of 2 cm, 3 cm, 4 cm. Dashed lines are model fits described by Eqs. (3) and (4). The
bar was dragged at a constant speed of 1 cm/s. Due to the influence of connecting cylinder at the back of the bar, the data recorded at w = 0� and w = 4.5�
are biased.
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increased (Fig. 3d). The situation of Fk is relatively com-
plex (Fig. 3e), which is affected by the sands on the front
of the bar and F\. The flow of the sands on the front of
the bar becomes few that decrease Fk as w increases; while
the increase of F\ will raises Fk by increasing friction. In
Region I (w is less than 36�), Fk increases slowly for the
dominant influence of F\, however, afterward, it decreases
more rapidly for the dominant influence of sand flows,
which offsets the impact brought by F\ and finally deter-
mines its zero value when w equals 90� (Region II). With
the bar drag experiment, the forces on the bar with various
w at certain depths can be obtained. Then, the key is that
the trends of F\ and Fk are applicable at the conditions
of any depth and any speed.

Based on the above analysis, we developed an empirical
fitting model describes the relationship between the forces
and angle w. F\ on the bar (excluding two end surfaces)
can be written as

F ? ¼ Ch
? þ C? � Ch

?
� �

sin w ð3Þ

Fk in Region I and II can be respectively approximated
as

F I
k ¼ Ch

k þ Ck � Ch
k

� �
sin w

F II
k ¼ Ck cos w

ð4Þ

where Ch
? and Ch

k, describes depth dependent components

in F\ and Fk at w = 0�, respectively. C\ and Ck represent
the maximum F\ and Fk can reach, which occur at
w = 90� and w = 36� in our experiment, respectively. We
found that there exists a nearly constant ratio between Ck
and C\, which equals 0.37 ± 0.02 through a lot of experi-
ments. Considering C\’s important role in the deter-
mination of the curves, and the value of C\ varies along
with the depth of the bar, we adopted a failure-based
model to obtain them.

2.4. Failure-based model

Here we propose a failure-based model to obtain F\

when w equals 90� at various depths. When w equals 90�,
theoretically, Fk should be zero, while F\ should reach its
maximum for the bar pushes the most amount of sand
blocking its way in the situation. Taking into account of
sand forced movement in bar drag experiment, the top sur-
face of sand bulging in front of the bar and then subsiding,
a failure-based model was proposed. As shown in Fig. 4,
the GM surrounding the bar is divided into two regions.
For the sand in triangular region (ABC), just in upper front
of the bar, it subsides quickly, filling the space caused by
the movement of the bar, and can be regarded in active
failure state, while the sand in trapezoidal region (ACDE)
contributes to the bulge can be regarded in passive failure
state (Ciamarra et al., 2004).

Assuming unit-distance in z direction, W1 and W2 can
be expressed as

W 1 ¼
c
2

h2
1cota1; W 2 ¼

c
2
ðh0 þ h1Þ2cota2 � h2

1cota1

� �
ð5Þ



Fig. 4. A failure-based model to calculate F\. W1 and W2 are the weight of GM in active failure and passive failure state, respectively. P denotes the force
between sands in region ABC and outside, while Pw denotes force between the bar and sands in region ACDE. X1 and X2 represent the forces between
sands in regions ABC and ACDE, and sands in region ACDE and below, respectively. / is the friction angle within sand and /w is the friction angle
between sand and the bar, which can all be measured by shear tests. h1 denotes the distance between the surface of the sand and the top edge of the bar. h0

represents the width of the bar. AC and DE represent the active failure plane and passive failure plane, respectively, a1 and a2 represent the angles between
the active and passive failure plane and x-axis negative direction, respectively.

0 90αmin αmax

Angle (degree)

Fo
rc

e 
(N

)

Passive failure

Stable zone
Active failure

Fig. 5. Force in active failure zone, passive failure zone, and stable zone of
GM.
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Assuming that the bar is dragged in a low speed, i.e. the
active failure region and the passive failure are in quasi-sta-
tic state, the equilibrium equation of the forces for the
active failure region can be resolved horizontally and
vertically

Pcos/�X 1 sinða1�/Þ¼ 0 P sin/þX 1 cosða1�/Þ¼W 1

ð6Þ
Solving Eq. (6), yields

P ¼ ch2
1

2cos/
f ða1Þ ð7Þ

X 1 ¼
ch2

1

2sinða1 � /Þ f ða1Þ ð8Þ

where

f ða1Þ ¼
cota1

tan/þ cotða1 � /Þ
For the passive failure region, resolving forces horizon-

tally and vertically gives

X 2 sinða2 þ /Þ � X 1 sinða1 � /Þ � P wcos/w ¼ 0

X 2 cosða2 þ /Þ � X 1 cosða1 � /Þ � P w sin /w ¼ W 2 ð9Þ

Solving Eq. (9), gives

P w ¼
W 2 sinða2 þ /Þ þ X 1 sinða2 � a1 þ 2/Þ½ �

cos /w þ a2 þ /ð Þ ð10Þ

The change curve of P in the state of active failure is
depicted as blue solid line in Fig. 5. Without disturbance,
P locates in stable zone. Once the bar is dragged, P

decreases toward Pmax to reach active failure zone, at
which P reaches Pmax when a1 equals amax. The change
curve of Pw in the state of passive failure is depicted as
red dashdot line in Fig. 5. Without disturbance, Pw also
locates in stable zone. When the bar is dragged, Pw

increases toward Pmin to reach passive failure zone, which
result in failures in different planes. Combined with the
characteristics of the curves of both failures, motion can
be considered to occur at the critical points in the same
time roughly, thus P reaches Pmax when a1 equals amax

and Pw reaches Pmin when a2 equals amin, if the bar is
dragged at a low enough speed. A detailed explanation of
the active failure and the passive failure refers to Nedder-
man’s work (Nedderman, 2005)

According to the above analysis, the value of a1 can be
obtained by setting dP/da1 = 0, which gives

amax ¼ arctan tan/þ sec/=
ffiffiffi
2
p� �

ð11Þ

Under this condition, substituting Eqs. (5), (8), (11) into
(10), amin can be also obtained by the same way through
setting dPw/da2 = 0, where amin is easy to obtain through
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numerical analysis even though the differential form is too
complex to be solved analytically. Hence, the force Fw act-
ing horizontally to facing sand plane (CD in Fig. 4) can be
deduced as Fw = Pwcos/w. With the failure-based model
above, the parameters in the empirical fitting model
described by Eqs. (3) and (4) can be conveniently obtained.
As shown in Fig. 3d and e, the fitting result and the drag
experiment corresponds well. Thus F\ and Fk at any depth
can also be obtained by changing h1 (Fig. 4). Noting that
both types of failure and the derivation of the forces are
only suitable to the case of low-speed dragging, the calcula-
tion of F\ and Fk would be extended to high-speed situa-
tions in next section.

2.5. Hybrid force model

Due to the difference in the magnitude and direction of
the speed at each element (Fig. 2) as well as the speed range
determined by the angular velocity of curved leg x, the
influence of speed cannot be ignored in the improved
RFT, which is different from previous research in low
speed cases (Albert et al., 1999; Chehata et al., 2003).
According to the similar trends of F\ and Fk observed in
the bar drag experiment with different drag speeds, a con-
venient method to take x into account is introduced. F\

was measured when w equals 90� at different speeds from
1 cm/s to 100 cm/s at a certain depth. The interpolation
result can be used to obtain the proportional relationship
of the forces on the bar at different speeds with the same
depth (Fig. 6). By substituting Eqs. (3) and (4) into Eq.
(2) and combining the failure-based model and the
relationship expressed in Fig. 6, the force and torque acting
on the leg at any certain moment can be obtained by
numerical computation.

In the hybrid force model, one important assumption is
that the bulk density c of the GM keeps constant during
the leg penetration. However the assumption will lead to
smaller forces and torque in prediction, especially for the
supportive force. When the leg penetrates downward into
Fig. 6. F\ as a function of bar speed v in the range of 1–100 cm/s at depth
3 cm, with w equaling to 90�. The green solid line is the interpolation result
used in improved RFT. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
the GM, c increases with depth due to gravity and compact
effect by the leg motion. The heterogeneity of the GM leads
to increase of the forces, most obviously in the supportive
force Fs. Considering this, the actual force C\ should be
greater than the model-predicted force Fw. Therefore, a
calibration coefficient k is applied in the revised model to
take heterogeneity into consideration. k represents the
effect brought by variation of the bulk density that is rele-
vant to the maximum penetration depth of the curved leg
in the GM, Dd. The relationship can be represented as fol-
lows: k ¼ kDd. Here k denotes the constants for the forces
despite the leg shapes, which is set as 0.0325 for the for-
ward force and 0.06 for the supportive force, respectively.

2.6. Fixed axle rotation experiment

In order to validate the hybrid force model for the
locomotion in granular media, we design and conduct an
experiment to rotate curved legs with a fixed axle. The
experiment setup is shown in Fig. 7. A six-dimensional
force sensor is mounted between step motor and the curved
leg record the forces exerted on the curved leg while rotat-
ing in dry sand. The force sensor was connected to the
motor by a coupling. Z axle of the force sensor coincides
with the leg’s rotation axle. In this way, the torque T can
be directly measured. The forces, Ff and Fs can also be
obtained by decomposing two dimensional forces on the
sensor along the direction of the forward force and the sup-
portive force at each moment. Note that, before penetrat-
ing in sands, the curved legs rotate in air first. The
measured forces and torque in air will be saved as the influ-
ence of inertia forces. After the experiment of correspond-
ing legs rotating in sands, and the forces and torque will be
processed to eliminate the influence of inertia forces. The
sand used in the experiment is same as that in the bar-drag
experiment. The sand particles filled the tank are fully
combed and flattened in order to maintain the same c
before each measurement.

In the experiment, the influence of the shape of the
curved legs and that of the rotation speed could be
explored by switching the curved legs and altering the driv-
ing speed of the step motor. To reveal the influence of the
Curved leg 6-D force sensor Stepper motorTank Coupling

Granular media

Fig. 7. Fixed axle rotation experiment performed to validate the forces
calculated in the hybrid force model.
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leg shape on the locomotion performance of robots in GM,
five types of legs as shown in Fig. 8 are adopted for experi-
ment. The vertical axis of these five elliptic legs, a, keep
constant, while the other axis, b, varies to form different
leg shapes. Leg I simulates the situation of a straight leg,
Leg V simulates the situation of very bent leg, and Leg
III is the semi-circle leg used in RHex series robots and
AmphiHex-I (Saranli et al., 2001; Liang et al., 2012).
Despite the shape of the legs, the influence of angular
velocity of the legs is also explored. The angular velocity
of the leg is set below 11 rad/s. This working range is lim-
ited by the parameters such as the maximal speed of the
dragged bar and the shape of the leg.

3. Results and discussion

With the above hybrid model and experimental setup,
the leg–GM dynamics in the entire rotating period of the
curved leg can be obtained and analyzed. Here the influ-
enced of the angular velocity and the shape of the curved
legs are explored by the model and experiment,
simultaneously.

3.1. Influence of angular velocity

The influence of various angular velocities on the forces
and the torque acting on semi-circle leg is explored. The
dynamic characteristics of the forces and the torque during
a single period of leg penetration are obtained from the
hybrid model and the corresponding experiments, respec-
tively. These simulated force and torque profiles are in
coincident with the corresponding experimental results, as
plotted in Fig. 9. Based on the results, it is obvious that
the semi-circle leg overcomes the existing limitations of
wheels or straight legs by providing both relatively large
propulsive and supportive forces. In addition to the
propulsive and supportive forces, torque T also plays an
important role in amphibious robot locomotion. For a
constantly rated power of the motor, the output torque is
inversely proportional to the angular velocity x.

An interesting observation from Fig. 9 is that the angu-
lar velocity x has a negligible influence on the forces and
the torque within the working range below 11 rad/s. A rea-
sonable explanation for this observation is that the shape
Fig. 8. Five types of curved leg with various relative magnitudes of a and
b. I: straight leg (a = 9b), II: less straight leg (a = 2b), III: semi-circle leg
(a = b), IV: bent leg (a = 0.67b), V: very bent leg (a = 0.5b).
of the leg undermines the effect of the angular velocity x
on the forces and the torque. Consequently, the shape of
the leg is the major contributing factor that affects the per-
formance of a terrestrial robot in GM under the same
granular condition and the same height h. Thus, we set
the angular velocity of 1 rad/s in the following study for
the convenience of analysis.

3.2. Influence of leg shape

For the different leg shapes, the dynamic characteristics
of the forces and the torque during a single period of leg
penetration are numerically simulated and experimentally
tested, as presented in Fig. 10, respectively. The coinci-
dence between the simulated and the tested results verifies
the effectiveness of the hybrid model. According to the fig-
ures, the force and the torque profiles show similar peaks
for different leg shapes except that the peaks occur at differ-
ent angular positions with different magnitudes for few
cases. Ff and Fs are relatively small in the case of a straight
leg. As b increases, Ff and Fs increase monotonically till the
case of a semi-circle leg. As the leg shape changes from a
semi-circle (i.e., a = b) to a bent shape (i.e., a < b), Ff and
Fs peak at different angular positions but remain relatively
constant amplitudes. As b increases further, both the peak
positions and the peak amplitudes of the forces change sig-
nificantly with the leg shape. By comparing the profiles of
Ff and Fs in Fig. 10, it is noted that the phase of the Fs peak
is always ahead of that of the Ff peak for the same leg
shape. This can be explained by the earlier penetration
effect in the vertical direction than that in the horizontal
direction. Fig. 10(c) and (f) shows that the motor should
provide a larger torque to penetrate GM as b increases.
However, the very bent leg affects T negatively, set a
greater power requirement for the driving motor, and its
effect should be considered in the locomotor design.
Fig. 11 shows the combinatory effect of the leg shape on
Ff/T and Fs/T. For an optimal locomotion performance,
it is desirable to increase Ff and Fs while reduce T. Accord-
ing to Fig. 11, changing the leg shape from a straight leg to
a semi-circle leg improves the locomotion performance.
However, further increase of b to a bent leg shape increases
Ff/T but reduces Fs/T. In the extreme condition of a very
bent leg, the locomotion performance becomes very poor.
This result will provide an effective guidance for the leg
type selection in the design of amphibious robots and
desert robots.

4. Discussion

For the different leg shapes, the moments that the legs
begin to penetrate GM vary, while the moments that the
legs leave GM are same thanks to the semi-elliptical shape
of the legs, which is shown in Fig. 10. However, the forces
acting on different legs shows great difference when they
leave GM. For example, the forces acting on the very bent
leg approach zero long before the leg leaves the GM than



Fig. 9. Forces and torque of semi-circle leg obtained from the hybrid model and the corresponding experiment during one penetration period, respectively.
Here a = b = 4.5 cm, h = 5 cm, and x equals 1 rad/s, 4 rad/s, 7 rad/s and 10 rad/s, respectively. Angular velocity x is chosen according to the maximum
speed we performed in bar drag experiment and the maximum speed of the element of the leg. Solid lines and dashed lines denote the data obtained from
the model and the experiment, respectively: (a)–(c): forward advancing force, Ff, supportive force, Fs, and torque, T from the model. (d)–(f) forward
advancing force, Ff, supportive force, Fs, and torque, T from the experiment.
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others do. The phenomenon could be explained by Fig. 12,
which shows the correlation between the angle measured
counterclockwise from the chord of an leg element to the
leg axial diameter a (denoted as n) and the angle measured
counterclockwise from speed v to tangential direction of
the leg element (denoted as w). A negative w corresponds
to the situation where the leg element is in contact with
the surrounding GM and contributes to the locomotion
dynamics. According to Fig. 12, w is always negative for
the leg shapes from a straight leg to a semi-circle leg.
However, a positive w occurs as n approaches to 0 rad in
the cases of the bent and the very bent legs. A positive w
means the leg elements do not contribute to the leg–GM
interaction because the granular particles have been pushed
away by the neighboring leg elements with leg–GM interac-
tions in advance. The portion of the leg elements without
contribution to the locomotion dynamics increases as the
axial diameter b increases, leading to the rapid decline of
Ff, Fs and T for the bent and the very bent leg shapes, as
shown in Fig. 10.

Though the model can nearly reflect the actual situa-
tions, some differences between the estimation of the model
and experimental result still need to be discussed. Firstly,
the estimation of a large negative for Fs of straight leg
mainly results from the simplification in hybrid force
model, that is we just use the forces measured from bar
dragged in a horizontal plane to simulate the forces of
leg penetration in a vertical plane. The simplification may
be correct if the interaction between the leg element and
the GM occurs relative deeply, while it is inaccurate when
the interaction occurs at a smaller depth. The error
becomes more obvious in the case of straight leg. Secondly,
a slightly smaller value predicted especially in Fs of the very
bent leg, comes from the assumption that compaction rate



Fig. 10. Forces and torque acting on the five types of legs obtained from the revised hybrid model and the corresponding experiments during one
penetrating period, respectively, here x equals 1 rad/s. Solid lines and dashed lines denote the data obtained from the model and the experiments,
respectively. (a)–(c): forward advancing force, Ff, supportive force, Fs, and torque, T from the hybrid model. (d)–(f) forward advancing force, Ff,
supportive force, Fs, and torque, T from the experiment.

Fig. 11. Ratios of (a) Ff to T and (b) Fs to T obtained from experiment during one rotation period in different leg type cases. Note that the value when
torque is too small is eliminated to remove the disturbance of noise.
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of the GM varies according to the maximum penetration
depth of the legs. However, the compaction rate is relevant
to more factors such as the penetrating volumes and the
penetration direction, which leads to a small deviation
for the case of very bent leg. Despite inaccuracy in some
special cases, the trends and correlations show a good



v

bent
very bent

Fig. 12. w as a function of n in different leg cases. Inset: n is the angle
measured counterclockwise from the chord of an leg element to long axis
a. w is the angle measured counterclockwise from speed v to tangential
direction of the leg element.
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consistence between the result from the hybrid model and
the experiments, which is meaningful when leg types are
determined or control strategy is chosen in developing a
field robot locomoting in desert or amphibious
environment.

According to the above analysis, very bent leg should be
adopted when the substrate is very loose and energy is not
a limiting factor, where Ff and Fs are the main factors
determining the locomotion performance. Generally, by
balancing the positive effect of forces and the negative effect
of torque, as well as reducing the fluctuations of the center
of mass, semi-circle leg or bent leg should be chosen.
Considering human beings or animals, who are not neces-
sary and are not able to afford so much energy to maintain
intense power continuously, straight or less straight legs are
also more beneficial, such as hatching sea turtles. The
locomotion depends not only to the magnitude but also
to the duration time of the forces. Thus, no matter what
type of leg is chose, the duration of the forces and the tor-
que, especially the peak positions should be fully utilized
either in control strategy or in structural design. One effec-
tive method is to adopt a lower rotation speed in overlap-
ping region of the two forces to extend the interaction time
and reduce inertia force of robot body, while to adopt a
higher speed in the region without contribution to F\

and Fk. Further consideration of the control strategy inevi-
tably involves the weight and leg distribution of the robot,
which would be explored in detail in future study.

RFT model was firstly introduced describe the propul-
sion of sea-urchin spermatozoa, and then was applied to
explain sandfish’s swimming in sand (Goldman et al.,
2009). In the work, the RFT model can only solve problems
of movement on an approximately plane, and give a satisfied
result in a low speed situation. Compared to the work, we
included the factor of bar velocity v and depth d besides
angle w in our model, so the model can be used to explain
force situation of variable depths and can deliver better pre-
diction results for any profiles of locomotors. Recently, Li
et al. extended the existing model to explain variable depth
situation, which achieves great success for good predictions
on the dynamics of robot locomotion in GMs (Li et al.
(2013)). However, the model involves two angle parameters
in vertical and horizontal planes simultaneously, which
requires massive experiments to achieve the accurate forces
on the elements of legs. In our model, we only consider one
angle parameter w to make it easy to be measured with a
relatively high accuracy. More importantly, with the simpli-
fied model, we can incorporate classic terramechanics such
as the failure based model into the hybrid model on locomo-
tion in GM. With the hybrid model, the force prediction
becomes very easy by performing limited times of experi-
ments conveniently.

5. Conclusion

In this paper, we proposed a hybrid force model to
describe the dynamics of locomotors of any shape. A fail-
ure-based model explaining the situation that a bar is
dragged at a low speed and any depth beneath the granular
surface is proposed, which was further extended to high-
speed cases by a simple calibration. Combined with
improved RFT considering the factors of speed and depth,
we estimated the dynamics of a newly designed locomotion
mechanism, semi-elliptical leg, as well as predicted the per-
formance influenced by the angular velocity and the shape
of legs. The result provides an important reference for the
design and control of the amphibious and terrestrial
locomotors. It is worth motioning that the sand used in
bar drag experiment is gathered beside a river, which
emphasizes the practical value of the method rather than
chooses homogeneous and regular particles as GM.

With the hybrid model, the forces between the legs and
GM can easily be estimated and evaluated. The method
applied in this paper can be considered to be extended to
more types of complex substrates, such as wet sand, and
so on. The most important significance is that the model
makes it possible to predict dynamics on legs of complex
shapes with a relative high accuracy, which is certainly
tedious work when obtained by experiments. However, a
lot of work has to be done before it can be widely used.
At least, more effective methods to account for the effect
of different compaction rate may be discussed in detail
and be incorporated in the model. In practical applications,
the weight of the robot should also be considered for more
accurate prediction of the velocity, the efficiency, or other
important assessment function of robot locomotion
performance.
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