
  

 

Abstract— In this paper, we propose a novel method of 

generating and executing active impact motion on a quadruped 

robot by mimicking active impact motion of quadruped animals. 

In order to generate active impact motion postures, we divide 

the whole active impact process into three phases and present a 

Center of Gravity (COG) trajectory planning method for these 

phases. A controller based on virtual model control (VMC) is 

used for active impact motion execution and a pitch attitude 

adjustment controller is utilized to stabilize the robot. Besides, a 

Hopf oscillator-based Central Pattern Generator (CPG) 

network with controllable locomotion stride is responsible for 

generating control signals of quadruped gaits during active 

impact motion. In order to verify effectiveness of the proposed 

control strategy, we show experimental results that a quadruped 

robot pushes the target object weighing 15 kg away for 50 cm by 

executing active impact motion. 

 

I. INTRODUCTION 

Quadruped animals in nature, such as sheep and goats, can 
generate impact force actively by swinging their bodies forth 
and back when fighting and removing big obstacles [1-5]. This 
active impact motion is an effective method for quadruped 
animals since they make the best of their whole-body weights. 
Quadruped robots, whose structures are designed inspired by 
quadruped animals, should also be able to achieve active 
impact motion.  

In real-world application, quadruped robots are easily 
hindered by unexpected large objects which are difficult to 
step over and around. Such situations are common in high risk 
task execution scenarios such as disaster rescue, field 
exploration, material transportation and industrial production 
sites. Under these circumstances, quadruped robots need to 
remove the obstacles away by active impact motion. Hence, it 
is essential and helpful to develop control methods for active 
impact motion with quadruped robots. Despite significant 
efforts in legged robots, active impact motion is still a 
challenge that has not been solved. 

Current robotic researchers mostly focus on control 
strategies for keeping balance to cope with external force 
disturbance [6-12], but there is little discussion about active 
impact motion for quadruped robots. The BigDog and Spot, 
developed by Boston Dynamics, show superior ability to resist 
external push impact [6]. Y. Chen et al. [7] propose a strategy 
based on reinforcement learning to balance the quadruped 
robot under external pushes. M. Khorram et al. [8] develop a 
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push recovery algorithm by adjusting the position and 
orientation of the quadruped robot torso. To restore balance 
against unexpected external pushes, M. Khorram et al. [9] 
propose a robust push recovery controller for a quadruped 
robot. X. Chen et al. [10] present a robust push recovery 
method for a bipedal robot by incorporating extremal 
accelerations into the whole-body dynamics controller. 
Combined with whole-body dynamic models, Y. Hu et al. [11] 
use optimal control to stabilize the humanoid robot which 
suffers an external perturbation. With reference to the Capture 
Point concept, S. Dafarra et al. [12] extend the torque-based 
controller of the humanoid robot iCub with capabilities to 
adapt to external disturbances.  

Referring to active force generation of robots, many 
researchers have proposed pushing manipulation methods 
with humanoid robots [13-17]. However, humanoid robots 
usually execute pushing manipulation relying on flexible 
manipulator arms and visual systems instead of active impact 
motion.  

In this paper, we propose a novel control method for active 
impact motion as well as gait generation, and implement them 
on the quadruped robot Biodog II [18], as shown in Fig. 1. In 
addition, our contribution aims at ensuring the quadruped 
robot to push obstacles away, rather than perform attacking 
motions.  

 

Fig.1. Active impact motion of the quadruped robot Biodog II. Here shown 
during an experiment where Biodog II pushes a target box weighing 15 kg 
away by executing active impact motion. The black line on the ground marks 
the original location of the target box. 

One feature of active impact motion is that quadruped 
animals swing their bodies back and forth smoothly and stably. 
The moving trajectory of Center of Gravity (COG) plays an 
important role in active impact motion. To simplify the control 
system and guarantee motion stability, we divide the whole 
active impact process into three phases and present a unified 
COG trajectory planning method for these three phases. 
Another issue that needs to be addressed is how to execute 
desired COG trajectory on quadruped robots. In our research, 
we utilize a virtual model control (VMC) based controller for 
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active impact motion execution, since VMC has advantage in 
high accuracy in COG trajectory realization [19, 20]. In 
addition, we design a pitch attitude adjustment controller by 
introducing pitch attitude feedback for locomotion stability. 

During active impact motion, quadruped animals can 
modify their locomotion strides depending on situations to 
avoid losing balance. In our research, we construct a Hopf 
oscillator-based Central Pattern Generator (CPG) to generate 
fundamental gaits. Particularly, locomotion strides can be 
adjusted by modifying related parameters of Hopf oscillators.  

The rest part of this paper is organized as follows: in 
Section II, we present the COG trajectory planning method for 
active impact motion generation and active impact motion 
execution method based on VMC; in Section III, we detail the 
approach of gait generation as well as stride adjustment 
method; in Section IV, we demonstrate and analyze the 
experiment results; in Section V, we conclude this paper and 
describe the future work. 

 

II. ACTIVE IMPACT MOTION GENERATION AND EXECUTION   

A. COG Trajectory Planning for Active Impact Motion 

Generation 

In nature, quadruped animals actively bump away the 
obstacle which is too large to cross, when there is no other way 
around. To make the best use of their weights, quadruped 
animals usually swing the torsos backward at first and then 
forward during active impact behavior. Inspired by quadruped 
animals, the outline of active impact motion procedure of the 
quadruped robot is as follows: (1) swing backward, (2) swing 
forward and exert pushing force to the object, (3) return to 
stance phase. Therefore, an active impact motion cycle of the 
quadruped robot can be divided into three phases: swinging 
backward phase, swinging forward phase and recovery phase. 
Fig. 2 shows posture sequences during active impact motion. 
We define a coordinate frame X-Y whose origin locates at the 
COG. Besides, X points the forward direction of the robot, and 
Y points to gravity direction. 

In order to improve stability of the robot, goals of planning 
the COG trajectory during active impact motion are as follows: 
first, there should be no displacement for the robot COG along 
Y-axis; second, moving trajectory of COG along X-axis 
should be smooth; third, speed of the COG should be zero at 
both the beginning and end during every phase. 

In our research, the COG trajectory along X-axis is 
planned by cubic polynomial curves as follows 
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where x(t) represents COG trajectory along X-axis and ( )x t  

is its differential. a, b, c and d are constants. The index i is 

{1,2,3}, corresponding to indexes of the three phases. 
As discussed above, constraint equations of COG 

trajectory are   
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where Ti is the period of ith phase. 0

ix is the COG initial 

position, and t

ix  is the COG final position. 

By solving constraint equations, we can obtain 
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Fig. 2. Active impact motion posture sequences and corresponding COG 
trajectory. An active impact motion cycle includes three phases: swing 
backward phase, swing forward phase and recovery phase.  

B. Active Impact Motion Execution based on VMC 

1) Leg Inverse Dynamics Model: The inverse dynamics 
equations allow us to calculate the required driving forces or 
torques of active joints according to given joint positions, 
velocities and accelerations.  

As shown in Fig. 3 (a), each leg of the quadruped robot can 
be regarded as a chain of three links. The movement of each 
link relatives to its neighbors. D-H frames {0-4} have been 
defined in kinematics analysis of Biodog II [18].  

 

Fig. 3. (a) Right fore (RF) leg model of Biodog II. Each leg is composed of a 
thigh, shank and metatarsal segment, whose length is represented by l1 l2 and 

l3, respectively. 1  and 2  specify torques of hip and knee joint, respectively. 

1 and 2  mean the rotation angle of hip and knee joint, respectively. Fg is 

ground reaction force (GRF). Its vertical component is Fgy and horizontal 
component is Fgx. (b) The virtual elements for VMC from a sagittal view. Fx 

and Fy signify virtual forces calculated by VMC, respectively. Fr means 

reaction force subjected by the robot during swing forward phase. d

represents desired pitch angle. (xd, yd) represents the planned position 

coordinate of the robot COG. 
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Equation (4) describes the linear velocity and angular 
velocity of leg links: 
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where 
b

a R represents the rotation matrix relating frame {a} to 

frame {b}. 1

i

iP is the vector that locates the origin of frame 

{i+1}.
i

iv and
i

i denote linear velocity and rotation velocity 

of ith link, respectively. 

Then the velocity of foot respect to the base coordinate 

system can be calculated as:
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where 1 1=cos( )c  , 1 1=sin( )s  , 2 2=cos( )c  , 2 2=sin( )s  ,

12 1 2=cos( + )c   , 12 1 2=sin( + )s   . J is the Jacobian matrix. 

Equations of the leg inverse dynamics model can be 
written as [21]:  
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where 1 and 2 signify torque of the hip and knee joint, 

respectively. Fg is the ground reaction force (GRF), as shown 
in Fig. 3 (a). Fgx and Fgy denote its vertical component and 
horizontal component, respectively. 

2) Motion Execution based on VMC: A quadruped robot is 
a complex nonlinear dynamic system including several 
heavily coupled subsystems. The locomotion control of 
Biodog II involves movement control of four legs, including 
eight active joints. To simplify the control system, we utilize 
virtual model control (VMC) to execute active impact motion. 

 The main idea of VMC is as follows: first, construct 
virtual forces or torques by attaching virtual components 
around the robot torso; second, map the virtual forces or 
torques into control torques of active joints; third, apply 
control torques to drive the robot [22]. 

In our research, we attach springs and dampers on the 
robot torso in order to make the robot move as planned. As 
shown in Fig. 3 (b), a horizontal damper is used to pull the 
robot to adjust the moving speed, and a vertical linear 
spring-damper is used to support the body to maintain the 
desired height. Considering the robot receiving reaction force 

from the object during swing forward phase, we add a 
feedforward compensation to generate pushing force. The 
reaction force is measured by the force sensor fixed at the front 
of the robot torso.  

The virtual forces (Fx, Fy), as output of VMC, can be 
calculated according to desired COG trajectory and current 
states of the system as 
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where Fx and Fy are forces generated by the a horizontal 
damper with damping Bx and the vertical linear spring-damper 
with Ky stiffness and damping By, respectively. (xd, yd) and (x, 
y) are the desired and current position coordinate of the robot 
COG, respectively. M is total mass of the robot. Fr signifies 
the reaction force subjected by the robot during the swing 
forward phase. 

The virtual forces are subsequently mapped to control 
torques of the hip and knee joint as 
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where 
1i and 

2i  represent actuating torque of the hip and 

knee joint. 
iJ is the Jacobian matrix. The index includes f and 

h, which mean the fore leg and hind leg, respectively. 

3) Pitch Attitude Adjustment Controller: During active 
impact motion, it is essential to take the pitch attitude 
adjustment into consideration, since dramatic change of the 
pitch angles can cause the robot to fall down. Therefore, we 
introduce a rotating spring-damper around the center of the 
body and adjust hip joint torques to keep the robot stable, as 
shown in Fig. 3 (b). The pitch attitude can be adjusted through 
incorporating the pitch angle and angular velocity feedback 
into the VMC controller, as 

1 1

1 1

( )

( )
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f f pf d if

VMC

b b pb d ib

k k

k k

    

    

    


   
                         (11)

 

where 1 f and 1b are the hip joint torques of fore leg and hind 

leg, respectively. 1

VMC

f and 1

VMC

b are torques calculated by 

(10).   and d  are current and desired pitch angle. pfk , ifk , 

pbk and ibk are proportionality coefficients. 

As described above, Fig. 4 depicts the active impact 
motion control system, including active impact motion 
generation module and execution module.  
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Fig. 4. Active impact motion control system including active impact motion generation module and execution module.

 

III. GAIT GENERATION IN ACTIVE IMPACT MOTION 

In this contribution, we generate locomotion gaits during 
active impact motion using a Hopf oscillator-based CPG 
network. Particularly, we add a stride modification module to 
avoid falling down. 

A. Hopf Oscillator-based CPG Network for Gait Generation 

We couple four Hopf oscillators as a CPG network with 
controllable phase relationships for gait generation. Fig. 5 
shows diagram of the CPG network and control signals 
generated for trot gait. The control policy for quadruped 
locomotion is that variables of each oscillator are mapped to 
control signals for the hip and knee joint of each leg. The 
equations of the CPG network are described as bellows: 

2( ) ( )j
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2( ) + ( )j

i i i i i y iy n r y x R                        (13)  
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where i and j=1,2,3,4 denote index of the left fore limb (LF), 
the right fore limb (RF), the left hind limb (LH), the right hind 
limb (RH). Each oscillator has two stable variables, x and y. 
The convergence speed of x and y is determined by positive 

constants m and n. A=   and i represent amplitude and 

frequency of the oscillation, respectively.
j

i signifies the 

coupling coefficient among oscillators.  

B. CPG-based Stride Adjustment Method 

CPG-based stride modification is effective to avoid falling 
down during active impact motion. Here we assume an 
example that a quadruped robot walks with active impact 
motion. At first, the robot walks with the stride of about 10cm. 
After detecting an object ahead, the robot pushes the object 
forward through active impact motion. Then, the object moves 
forward for about 8cm as expected. If the robot still walks with 
the stride of 10cm, its fore legs will crash into the object and 
fall down. Therefore, the stride should be modified to become 
smaller to avoid stumble. Fig. 6 shows motion trajectories of 

one leg in stance and swing phase using a simplified model. 
Quadruped limbs lift off the ground in swing phase and strike 
the ground in stance phase. 

 

Fig. 5. Diagram of the Hopf-oscillator CPG network and resulting signals for 
trot gait. The phase relationships among four limb are labeled on arrows. 

 

Fig. 6. Motion trajectory of a single limb in stance and swing phase. 
Quadruped limbs lift off the ground in swing phase and strike the ground in 
stance phase. The black solid lines represent current positions of the limb at 
the start of every phase. The blue dashed lines are goal positions.  is initial 
angle of the hip joint. A means amplitude of the Hopf oscillator. 

We can obtain equations of the locomotion stride through 
kinematics model of the quadruped robot [18].   

1 3 1 3( )cos( ) ( )cos( )

1.126

0 0.445

Stride l l A l l A

rad

A
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where l1 represents length of the thigh segement and l3 is 
length of the metatarsal segement.  is initial angle of the hip 
joint. A is the amplitude of Hopf oscillators. 
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As shown in Fig. 7, there is an approximate linear 
relationship between locomotion stride and Hopf oscillator 
amplitude A. In addition, we highlight some commonly used 
data array in the diagram. Therefore, we can adjust the stride 
of the robot by modifying the oscillator amplitude A. 

 

Fig. 7. Relationship between locomotion stride and Hopf oscillator amplitude. 

IV. EXPERIMENTS AND RESULTS  

A. Quadruped Robot Biodog II 

A quadruped robot Biodog II has been developed in our 
lab to validate performance of the proposed control system, as 
depicted in Fig. 8. Biodog II is a dog-like robot, and is 0.4m in 
length, 0.2m in width, and 0.33m in height. Each limb has two 
degrees of freedom, namely hip joint and knee joint. These 
active joints are actuated by DC motors. Besides, each limb 
also has a passive joint, an ankle joint. The total weight of this 
robot is about 25kg. 

 

Fig. 8. The quadruped robot Biodog II. 

A gyroscope module, with sampling frequency of 125Hz, 
is fixed on the upper torso plate to measure robot attitude 
angles and motion states. Each limb is equipped with a force 
sensing resister (FSR) to measure the foot-ground contact 
force, which is a component of GRF along the axis of the 
metatarsal segment. In addition, a square FSR is mounted at 
the front of the torso in order to detect contact force between 
the torso and object. 

B. Stride Adjustment Result 

Fig. 9 shows snapshots of the robot trotting with different 

strides in different situations, where RF limb at the start of 

swing phase is circled by black solid line and RF limb at the 

end of swing phase is circled by black dotted line. As shown in 

Fig. 9 (a), the robot trots with the stride of 9.2cm before 

encountering the object. To avoid the robot’s legs kicking 

against the box, the stride is adjusted to 4.6cm through 

modifying the value of Hopf oscillator amplitude form 0.2 to 

0.1 in Fig. 9 (b).  

 

 
Fig. 9. Snapshots of the robot trotting with different strides. (a) Stride1=9.2cm; 
(b) Stride2=4.6cm.  

C. Active Impact Motion Result 

To verify the effectiveness of control methods for active 
impact motion, the quadruped robot executes active impact 
motions to push a target box of 15kg away, as shown in Fig. 10. 
At first, the target box is placed about 55cm in front of the 
quadruped robot. In Fig. 10 (a) - (b), the robot first trots with 
stride of 9.2cm. Then, the robot detects the target box through 
sudden increase in contact force in Fig. 10 (c), and the active 
impact motion controller is activated. Fig. 10 (d) - (f) shows 
the swing backward phase, swing forward phase and recovery 
phase of the first active impact motion, respectively. During 
the first active impact motion, the robot pushes the target box 
forward for 10cm. The whole process of the first active impact 
motion takes only 4 seconds. In Fig. 10 (g), the robot 
continues to trot but the stride is modified to 4.6cm to avoid 
stumble. In Fig. 10 (h)-(i), the robot detects the target box 
again and continues active impact motion. Fig. 10 (j)-(l) depict 
swing forward phase of the third, fourth and fifth active impact 
motion. During this experiment, the active impact motion 
repeats for three times. As a result, the target box moves 
forward for about 50cm.  

Fig. 11 depicts driving torques for four limbs, foot-ground 
contact force for RF and LH limb, contact force between the 
robot and box as well as attitude angles of the robot during the 
experiment. The phase a1 to a5 refer to active impact motion 
and phase b0 to b4 refer to trot locomotion. The curves in the 
first and second frame show driving torques for hip and knee 
joints of RF and LH limb, respectively. Foot-ground contact 
force of LH and RF limb is plotted in the third frame. It can be 
seen that foot-ground contact force of LH and RF limb 
changes in the same trend during trotting and has the opposite 
trend during active impact motion. It makes sense since 
diagonal limbs move in pair during trot gait. During active 
impact motion, foot-ground force of LH limb increases as the 
torso moves backward at first and then decreases as the torso 
moves forward.  

The fourth frame depicts contact force detected by the FSR 
mounted at the front of the torso. It can be seen that there are 
two contact force peaks during one active impact motion 
period. One is when the robot touches the box, and the other 
one is when the robot pushes the box in swing forward phase. 
The firs sudden increase in contact force is used as a 
stimulation signal of active impact motion. The maximum 
contact force of the first peak is about 15N, and the second 
peak is about 45N.  
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The pitch, roll and yaw angles, which are plotted in the 
bottom frame, are detected in order to verify locomotion 
stability and smoothness. We can see that the yaw angle 
fluctuates on a very small scale. Besides, pitch, roll angles are 
both in the range of [-0.15 0.15] rad, indicating that the robot 

locomotes stably and smoothly during the whole process. 
Moreover, the pitch and roll angles in b1 to b4 phase are less 
than those in b0 phase, which implies that the robot trots more 
stably with smaller stride.  

 

Fig. 10. Snapshots of the experiment to evaluate performance of the active impact motion control system. The quadruped robot Biodog II pushes a target box 

weighing 15kg away for 50cm through repeating active impact motion for five times. The black line on the ground marks the original location of the target box. 

(a)-(b) The robot trots with the stride of 9.2cm. (c) The robot touches the target box. (d) Swing backward phase of the first active impact motion. (e) Swing 

forward phase of the first active impact motion. (f) Recovery phase of the first active impact motion. (g) The robot trots with the stride of 4.6cm. (h) The robot 

touches the target box again and begins the second active impact motion. (i)-(l) Swing forward phase of the second, third, fourth and fifth active impact motion. 

Fig. 11. Driving torques for four limbs, foot-ground contact force for RF and LH limb, contact force between the robot and box as well as attitude angles of the 
robot during the active impact motion experiment.
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V. CONCLUSION AND FUTURE WORK 

In this contribution, we show how inspiration from biology 
theory could be used to develop active impact motion for 
quadruped robots. We propose a novel method of generating 
and executing active impact motion on a quadruped robot by 
mimicking active impact motion of quadruped animals. A 
COG trajectory planning method is presented to generate 
active impact motion posture sequences. We build a VMC 
based controller for active impact motion execution and a 
pitch attitude adjustment controller to stabilize the robot. 
Motion trajectories for locomotion gaits during active impact 
motion are designed by a Hopf oscillator-based CPG network 
with controllable locomotion stride. Using these methods, 
Biodog II succeeds in pushing a target object weighing 15 kg 
forward for 50 cm stably and smoothly by repeating active 
impact motions for five times. In addition, the robot can 
modify the stride immediately to avoid falling down after the 
target object moves.  

Future work will be aimed at applying the proposed 
method to other tasks with active impact motion. 

REFERENCES 

[1] A. Andrew and Farke. “Frontal sinuses and head-butting in goats: a 
finite element analysis,” The Journal of experimental biology, 211, pp. 

3085-3094, 2008 

[2] A. Fernando, “Horns and Fighting in Male Spanish Ibex, Capra 
pyrenaica,” Journal of Mammalogy, 71, pp. 608-616, 1990. 

[3] P. Maity and S. A. Tekalur, “Finite Element Analysis of Ramming in 
Ovis Canadensis,” Journal of Biomechanical Engineering, 133(2): 

021009, 2011. 

[4] A. Kitchener, “An analysis of fighting of the blackbuck (Antilope 
cervicapra) and the bighorn sheep (Ovis canadensis) and the 

mechanical design of the horns of bovids,” Journal of Zoology, 214, 
1-20, 1988. 

[5] L. Barbara, “Morphology of Horns and Fighting Behavior in the Family 
Bovidae,” Journal of Mammalogy, vol. 77, no. 2, 1996. 

[6] M. Raibert, K. Blankespoor, G. Nelson, R. Playter, and the BigDog 

Team, “BigDog, the rough-terrain quadruped robot,” in 17th World 
Congress on the International Federation of Automatic Control, pp. 

10822-10825, 2008. 

[7] Y. Chen, W. Hou, J. Wang, J. Wang and H. Ma, “A strategy for push 
recovery in quadruped robot based on reinforcement learning,”   34th 

Chinese Control Conference (CCC),  Hangzhou, China, pp. 3145-3151, 
2015. 

[8] M. Khorram and S. Moosavian. “Push recovery of a quadruped robot 
on challenging terrains,” Robotica, vol. 35, no. 8, pp. 1670-1689, 2017. 

[9] M. Khorram and S. A. A. Moosavian, “Balance recovery of a 
quadruped robot,” 3rd RSI International Conference on Robotics and 

Mechatronics (ICROM), Tehran, pp. 259-264, 2015. 

[10] Chen X, Huang Q, Yu Z et al. “Robust push recovery by whole-body 
dynamics control with extremal accelerations,” Robotica, vol. 32, no. 

03, pp. 467-476, 2014. 

[11] Y. Hu and K. Mombaur, “Optimal control based push recovery strategy 
for the iCub humanoid robot with series elastic actuators,”  IEEE/RSJ 

International Conference on Intelligent Robots and Systems (IROS), 
Vancouver, BC, pp. 5846-5852, 2017. 

[12] S. Dafarra, F. Romano and F. Nori, “Torque-controlled 
stepping-strategy push recovery: Design and implementation on the 

iCub humanoid robot,” 2016 IEEE-RAS 16th International Conference 

on Humanoid Robots (Humanoids), Cancun, pp. 152-157, 2016 

[13] M. Murooka, S. Nozawa, Y. Kakiuchi, et al. “Whole-body pushing 

manipulation with contact posture planning of large and heavy object 

for humanoid robot,” IEEE International Conference on Robotics and 
Automation, Seattle, WA, pp. 5682-5689, 2015. 

[14] S. Nozawa, Y. Kakiuchi, K. Okada, et al. “Controlling the planar 
motion of a heavy object by pushing with a humanoid robot using 

dual-arm force control,” IEEE International Conference on Robotics 

and Automation, Saint Paul, MN, pp. 1428-1435, 2012. 

[15] T. Takubo, K. Inoue, T. Arai. “Pushing an Object Considering the Hand 

Reflect Forces by Humanoid Robot in Dynamic Walking,” IEEE 
International Conference on Robotics and Automation, Barcelona, 

Spain, pp. 1706-1711, 2005. 

[16] N. Motoi, M. Ikebe and K. Ohnishi. “Real-Time Gait Planning for 
Pushing Motion of Humanoid Robot,” IEEE transactions on industrial 

informatics, vol. 3, no. 2, pp. 154-163, May 2007. 

[17] L. Hawley and W. Suleiman, "Control strategy and implementation for 
a humanoid robot pushing a heavy load on a rolling cart,”  IEEE/RSJ 

International Conference on Intelligent Robots and Systems (IROS), 
Vancouver, BC, pp. 4997-5002, 2017. 

[18] L. Shang, W. Wang, and J. Yi, “Design and Gait Control of A 
Quadruped Robot with Low-Inertia Legs,” IEEE International 

Conference on Automation Science and Engineering (CASE), pp. 

1511-1516, 2019. 

[19] A. Winkler, I. Havoutis, S. Bazeille, et al. “Path planning with 

force-based foothold adaptation and virtual model control for torque 

controlled quadruped robots,” IEEE International Conference on 

Robotics and Automation (ICRA), Hong Kong, pp. 6476-6482, 2014. 

[20] J. Pratt, C.-M. Chew, A. Torres, P. Dilworth, and G. Pratt, “Virtual 
model control: An intuitive approach for bipedal locomotion,” The 

International Journal of Robotics Research, vol. 20, no. 2, pp. 129–143, 

2001. 

[21] John J. Craig, Introduction to Robotics: Mechanics and Control. 

Addison-Wesley Publishing Co., pp. 145-149, 1989. 

[22] M. Ajallooeian, S. Pouya, A. Sproewitz and A. J. Ijspeert, “Central 

Pattern Generators augmented with virtual model control for quadruped 
rough terrain locomotion,” IEEE International Conference on Robotics 

and Automation, Karlsruhe, pp. 3321-3328, 2013. 

 

1055

Authorized licensed use limited to: Tsinghua University. Downloaded on June 22,2022 at 10:29:59 UTC from IEEE Xplore.  Restrictions apply. 


