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SUMMARY
Biped walking can be regarded as a global limit cycle whose stability is difficult to verify by only
local sensory feedback. This paper presents a control strategy combining global sensory reflex
and leg synchronization. The inverted pendulum angle is utilized as global motion feedback to
ensure global stability, and joint synchronization between legs is designed to stabilize bifurcations.
The proposed strategy can achieve a stable gait and stabilize bifurcations. The robustness of this
approach was evaluated against external disturbances. Walking experiments of a biped actuated
by pneumatic muscles were conducted to confirm the validity of the proposed method. Instead of
tracking predetermined trajectories, this method uses sensory reflexes to activate motor neurons
and coincides with the biological idea wherein inessential degrees-of-freedom are barely controlled
rather than strictly controlled.
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1. Introduction
Trajectory planning is one of the most popular methods to generate biped walking patterns: joint
trajectories generated offline and online under various constraint conditions are followed by actuators
to realize stable walking.1,2 To track kinematic trajectories precisely, high-gain position control and
extremely accurate ground models are needed. The methodology of this method seems to be opposite
to human beings, wherein inessential degrees-of-freedom (DOF) are barely controlled.

Human beings seem not to track joint angles precisely while walking, yet can achieve stable
and efficient locomotion. This may benefit from the regulation of neuro–musculo–skeletal system.3

Researchers have proposed some biomimetic control methods inspired by this phenomenon. One is a
CPG-based approach,4 which produces self-sustained rhythm signals by neural network assisting
when necessary with the modulation of the central pattern generator (CPG) to proprioceptive
information through sensory inputs.5,6 The disadvantage of this approach is that the number of
network parameters is relatively large; therefore it is difficult to shape output signals and establish
a correlation between control parameters and walking performances.7 Another is a reflex-based
approach, which activates motor neurons by sensory input directly.8 Many attempts have been made
to utilize this approach to control multi-leg robots;9,10 however, in the field of biped robots, it is usually
used as a supplement.11–13 It is difficult to achieve global stability only depending on local reflexes
since static instability during swing phase makes the biped robot tend to tumble. There are only a
few studies on the control of biped walking by reflexes. Geng et al.14 design a pure sensor-driven
controller and apply it on a planar biped robot successfully. It is the first time that fast biped walking
is achieved only by reflexes. Manoonpong et al.15 present an adaptive reflex strategy by including
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Fig. 1. Link parameters and coordinate definition of biped robot.

online learning mechanisms based on simulated synaptic plasticity, and make a small biped robot
learn to adapt to changes in the terrain to a certain degree.

Although many bio-inspired control methods have been proposed to realize stable walking
successfully, at least two problems still remain unsolved. First, global feedback signals have not
been utilized while designing the sensory feedback network. Grizzle et al.16 and Westervelt et al.17

demonstrate that asymptotically stable walking can be achieved by making all actuated joints track the
predetermined functions of the absolute angle of inverted pendulum. Although this may be somewhat
opposite to biological unconstrained idea, we believe that the global walking information plays an
important role in enhancing also the robustness of bipedal walking for bio-inspired control strategies.
Second, gait bifurcations tend to occur while using the force control strategy,7 which may be partly due
to the fact that the motion between support leg and swing leg cannot be coordinated synchronously.

In this paper, we present a walking rhythm controller for a kneed biped robot with torso based
on biological inspiration. The controller consists of global motion feedback for periodic motion, leg
synchronization feedback for stabilization of generated gaits, and joint angle feedback for mimicking
human muscle behavior. The proposed method can achieve a stable gait and stabilize bifurcations. The
robustness of this method was evaluated against external disturbances. Experiments were conducted
to confirm the validity of the proposed method. Instead of tracking predetermined trajectories, we
use sensory reflexes to activate motor neurons, and this coincides with the biological idea wherein
inessential DOFs are barely controlled rather than strictly controlled.

The rest of this paper is organized as follows. Section 2 describes a kneed biped model and
introduces the analytical model. Section 3 describes the proposed walking strategy. Section 4 shows
the simulation results of typical steady locomotion, including robustness against control parameters
and external disturbance, and discusses the effects of parameters on walking performance. Section 5
introduces a planar biped actuated by pneumatic muscles, and conducts walking experiments to
confirm the robustness of control strategy. Finally, in Section 6 we conclude the paper.

2. Model of Kneed Biped Robot

2.1. Biped mechanism and basic hypotheses
The biped robot considered in this paper consists of a torso and two legs. Each leg comprises a thigh
and a shank connected at a knee joint. There is no actuation at the stance leg tip. Hence, the robot
is underactuated. Touch sensors are placed on the feet to synchronize biped controller with robot
dynamics.

Figure 1 shows link parameters and definition of coordinates, where li denotes the link length, ri

denotes the percentage of the mass center, mi denotes the link mass, and Ii denotes the inertia around
the mass center. Link parameters of the robot are shown in Table I.
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Table I. Parameter values of a biped robot.

Model parameters Unit Link Label Value

Mass kg Torso mh 2.0
Thigh mt 0.6
Shank ms 0.6
Leg ml 1.2

Length m Torso lh 0.15
Thigh lt 0.32
Shank ls 0.32
Leg ll 0.64

Inertia at mass center m2 kg Torso Ih 0.007
Thigh It 0.005
Shank Is 0.005
Leg Il 0.040

Percentage of mass center % Torso rh 15
Thigh rt 50
Shank rs 50
Leg rl 50

The hypotheses assumed for the desired walking gaits are now enumerated18,19:

H1. Walking consists of a single support phase and an instantaneous double support phase.
H2. The support leg is always straight during walking.
H3. The swing leg is fully extended before the moment of ground collision.
H4. Both knee collision and ground collision are assumed to be completely inelastic.

Under the above hypotheses, the single support phase can be divided into two distinct phases from
the aspect of DOF. As shown in Fig. 2, the 4-DOF phase starts from the “toe-off” event and ends
up with knee collision; and the 3-DOF phase starts from knee collision and ends up with ground
collision.

2.2. Motion equations for 4- and 3-DOF phases
The generalized coordinates for 4-DOF phase are defined as q = (q1, q2, q3, q4)′, as shown in Fig. 1(b).
The equation of motion for this phase can be written as

⎡
⎢⎣

D411 D412 D413 D414

D422 D423 D424

D433 D434

sym D444

⎤
⎥⎦

⎡
⎢⎣

q̈1

q̈2

q̈3

q̈4

⎤
⎥⎦ +

⎡
⎢⎣

C411 C412 C413 C414

C421 0 C423 C424

C431 C432 C433 C434

C441 C442 C443 0

⎤
⎥⎦

⎡
⎢⎣

q̇1

q̇2

q̇3

q̇4

⎤
⎥⎦ +

⎡
⎢⎣

G41

G42

G43

G43

⎤
⎥⎦ =

⎡
⎢⎣

0
u2

u3

u4

⎤
⎥⎦ , (1)

where elements D4ij , C4ij , and G4i of matrices are shown in Appendix A; u2, u3, and u4 are the
torques applied at hip and knee actuators, as shown in Fig. 1(b).

As shown in Fig. 1(c), the generalized coordinates for 3-DOF phase are defined as (q1, q2, q3)′.
Thus, the equation of motion for this phase becomes
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where elements D3ij , C3ij , and G3i of matrices are shown in Appendix B.

2.3. Equations governing knee collision and ground collision
Let q−, q+, q̇−, and q̇+ denote the pre- and post-impact generalized positions and generalized
velocities respectively. Superscripts “–” and “+” denote quantities immediately before and after
impact in the following part of this paper.
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Fig. 2. Phases of biped locomotion.

Knee collision occurs when the shank comes in line with the thigh. Under hypothesis H4, Eq. (1)
is “integrated” over the “duration” of the collision to obtain20

D4(q+)q̇+ − D4(q−)q̇− =

⎡
⎢⎢⎣

0
0
0

−F̂k

⎤
⎥⎥⎦ , (3)

where F̂k is the integral of torque acting on the shank during knee collision. After the collision, the
angular velocities of the shank and the thigh become the same, and therefore

[ 0 0 −1 1 ]q̇+ = 0. (4)

Solving Eqs. (3) and (4) yields

[
q̇+

F̂k

]
=
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0
0
0
1
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0
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−1 [
D4(q−)q̇−

0

]
. (5)

Ground collision occurs when the swing foot touches the ground. The contact model of ground
collision requires 5 DOFs of robot.13 By adding the Cartesian coordinates (zx, zy)′ to the end of the
stance leg, as indicated in Fig. 2, the following extended model is easily obtained through the method
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of Lagrange,

Df(qf)q̈f + C f(qf, q̇f)q̇f + Gf(qf) = Bf u +
(

∂ Z(qf)

∂qf

)′
Fz +

(
∂ E(qf)

∂qf

)′
Fe, (6)

where qf = [q1, q2, q3, zx, zy]′ is the set of generalized coordinates, Fz = [Fz
x , F z

y ]′ and Fe =
[Fe

x , F e
y ]′ are the forces acting on the support leg tip and the swing leg tip at touchdown respectively,

Z(qf) = [zx(qf), zy(qf)]′ and E(qf) = [ex(qf), ey(qf)]′ are the Cartesian coordinates of the forward
leg tip and the backward leg tip respectively, as shown in Fig. 2. Elements of Df(qf) and E(qf) are
shown in Appendix C.

Collision equation can be obtained through integration of Eq. (6) for the infinitesimal impact
time. The ground reaction applied on the swing leg can be considered as an impulsive force at the
instant of collision and defined by F̂e = ∫ t+

t− Fe(τ )dτ . It is assumed that the stance leg lifts from
the ground without interaction (no friction, no sticking) after the collision;18 therefore the ground
reaction applied on the stance leg tip, F̂z = ∫ t+

t− Fz(τ )dτ , should be null for the infinitesimal impact
time. Actuators cannot generate impulses and hence can be ignored during the collsion. Coriolis and
gravity forces have finite values, thus they do not influence the collision. Given these conditions, the
impact equations can be written in the following form:

Df(q
+
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−
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)′
�

Fe. (7)

Under hypothesis H4, the collision of the swing leg with the ground results in no rebound, and
therefore we obtain
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Solving Eqs. (7) and (8) yields
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3. Walking Strategy

3.1. Overall control strategy
Figure 3 shows the overall block diagram of control strategy combining sensory reflex and leg
synchronization. Under hypotheses H2 and H4, we assume that the knee joint is controlled by a
locking mechanism (latch) during walking.21–23 The latch is released swing passively when the foot
touch sensor detects the “toe-off” event, and is locked to prepare for the straight leg landing when
the shank comes in line with the thigh.24 Since the swing knee joint is passive, u4 is set to zero in this
paper.

For the hip joint, we introduce the global motion, leg synchronization, and joint angle as sensory
feedback to activate motor neurons. One of the basic aspects of biped locomotion is to keep the torso
upright. There is no waist joint in our model, and therefore the only way to tune the torso attitude is
to control hip joints. Since the dynamic motion of the support leg is not easy to be influenced, we add
the torso attitude control into the support hip joint.
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Fig. 3. Overall control block diagram of walking control strategy.

The hip joint torque is designed as

u2 = ur
2 + ut

u3 = ur
3

}
, (10)

where ur
2 and ur

3 are the rhythm torques of the support hip joint and the swing hip joint respectively,
and ut is the torso attitude torque.

3.2. Rhythm motion controller
3.2.1. Model of motor neurons. Single motor neuron represents a direct connection between the
nervous system and the muscles, and it carries signals from the spinal cord to activate the muscles
to produce movement. The model of motor neurons is a mathematical description and prediction of
biological processes of motor neurons. Among various continuous-variable models representing a
single motor neuron’s activity, we shall adopt the following widely used model for its mathematical
simplicity4,14:

τ dx
dt

+ x = ∑
i

ρiSi

y = max(0, x)

}
, (11)

where x represents the mean membrane potential of the motor neuron, y is the output of the motor
neuron, ρi represents the strength of the sensory synaptic conjunction, Si is sensory feedback signal,
and τ is a time constant associated with the passive properties of cell membrane.

The rotation of each joint is controlled by two motor neurons corresponding to extensor and flexor
muscles, and the rhythm joint torque ui is designed as

ur
i = gi · (yei − yf i), (12)
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Fig. 4. Directions of extensor movements and flexor movements.

where yei and yf i are outputs of extensor neuron and flexor neuron respectively, and gi is the gain of
out torque. The directions of extensor and flexor movements are defined according to the anatomy
shown in Fig. 4.

One of the main characters of biomimetic control based on reflexes is that the output of motor
neuron depends on sensory feedback Si , instead of mutual inhibition between neurons; therefore, the
design of Si is essential for rhythm generation.

3.2.2. Global motion feedback. Legged locomotion can be described from two points of view: one is
in joint space, and another is in task space. Although biped robots are typically high DOF mechanisms,
the task of biped locomotion is inherently a low-DOF task.17 Considering planar walking, the task
is to achieve the movement of center of mass (COM) of biped robot in sagittal plane. We simplify
the task space to be an inverted pendulum and let θcm denote the absolute angle of the pendulum, as
shown in Fig. 2. In normal walking, θcm is a monotonic quantity which can represent the evolution
state of periodical walking.

Stable and flexible biped locomotion depends on a global entrainment between the controller, the
biped robot, and the environment,5,14 that is, the control torque of each joint, states of the biped robot,
and the interaction with the environment must maintain a consistent rhythm. This requires the control
torque to keep pace with robot’s periodic motion. Grizzle et al.16 and Westervelt et al.17 demonstrated
that the synchronization between the absolute angle of inverted pendulum and the actuated joints
could achieve asymptotically stable walking.16,17 Inspired by this work, we introduce a global motion
feedback Scm as

Scm = 1

1 + exp(−αcm(θcm − �cm))
, (13)

where θcm is the absolute angle of inverted pendulum, as shown in Fig. 2, �cm is the threshold, and
αcm is a positive constant. Fig. 5(a) demonstrates Scm with respect to θcm with different values of �cm.
From Fig. 5(a), one can see that a large value of the threshold �cm will result in a rightward shift of
the curve of Scm with respect to θcm without changing the slope curve. In normal forward walking,
θcm decreases monotonically during a step; therefore, the global motion feedback Scm also decreases
monotonically versus time within a step. The reason for this design is that for underactuated biped
robots, more energy should be injected in the initial stage than in the latter stage to overcome the effect
of gravity. A larger value of the threshold results in the decrement of Scm. Fig. 5(b) demonstrates Scm
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Fig. 5. Global motion feedback Scm versus θcm with different values of �cm and αcm.

with respect to θcm with different values of αcm. From Fig. 5(b), one can see that a larger αcm value
means a steeper increase of Scm relative to θcm. This model is inspired by a sensor neuron model
presented by Geng et al.14 and Wadden et al.,28 and is thought capable of emulating the response
characteristics of populations of sensor neurons in animals.

3.2.3. Leg synchronization feedback. Biomimetic control strategy attempts to imitate the neuro–
musculo–skeletal system of human beings, and take the output of motor neuron as a joint control
force. This strategy can utilize robot’s inherent dynamic property; however, comparing with the
trajectory tracking method, the robot tends to exhibit period doubling and apparently chaotic gait.7

This phenomenon also occurs in the passive dynamic walking along with increase in slope angle.25

The study of powered bipeds based on passive dynamic principles indicates that robot will never fall
forward if swing and support legs are synchronized appropriately.26 A good case in point is rimless
wheel: Given a suitable initial condition, the rimless wheel rolls down a slope, and the rolling always
converges to a period-one stable gait as long as the next collision occurs.27 Therefore, we conjecture
that synchronization between the swing leg and the support leg may help to stabilize bifurcations and
chaos.

Let qhw and qht denote the absolute angles of the swing leg and the support leg respectively, as
shown in Fig. 6. At initial and final stages, one can obtain qhw + qht = 0; therefore, we introduce the
leg synchronization Sq as

Sq =
{−(qhw − θq(qht) − �q), q4 < 0

−(qhw + qht), q4 = 0 , (14)

where q4 is the relative angle of the swing knee joint, and �q is the angle bias which can be used to
tune the foot clearance of the swing leg, and θq is the virtual absolute angle of the thigh when the
shank is vertical and touches the ground, as shown in Fig. 6. θq can be calculated according to qht by

θq(qht) = arccos

(
(lt + ls) cos qht − ls

lt

)
, (15)

where lt and ls are the length of thigh and shank respectively.
Leg synchronization feedback Sq is connected to motor neurons of the swing-hip joint. The first

purpose of its design is to coordinate the swing leg with the support leg approximately symmetrically
during walking, especially at initial and final stages. The second purpose is to achieve enough foot
clearance in the swing phase during walking.
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Fig. 6. Geometry constraints of leg synchronization.

Fig. 7. Joint angle feedback versus joint angle.

3.2.4. Joint angle feedback. Biological investigations suggest that when the joint movement is beyond
a certain range, muscles will contract to limit the range of the joint movement and reset the phase of
limbs; therefore the joint angle feedback Sa,i is designed as

Sa,i =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 − exp
(
αa(qi − �

hip
f,i )

)
1 + exp

(
αa(qi − �

hip
f,i )

) , qi > �
hip
f,i

0, �
hip
e,i <qi < �

hip
f,i

1 − exp
(
αa(qi − �

hip
e,i )

)
1 + exp

(
αa(qi − �

hip
e,i )

) , qi < �
hip
e,i

, (16)

where �
hip
f,i and �

hip
e,i are hip joint’s Anterior Extreme Angle (AEA) and Posterior Extreme Angle

(PEA) associated with the extreme angles of flexor and extensor respectively, and αa is a positive
constant. A larger αa value means a steeper increase of Sa,i relative to qi . Figure 7 shows a typical
curve of the joint angle feedback Sa,i relative to the joint angle qi .

3.2.5. Reflex network. The network between sensory feedback and motor neurons is shown in Fig. 8,
where the connection weights of excitatory synapses are positive, and the connection weights
of inhibitory synapses are negative. The global motion feedback Scm has excitatory (inhibitory)
connections to the motor neurons of the support hip extensor (flexor) and the swing-hip flexor
(extensor), and this design can conduce to rotate the support hip joint backward and rotate the swing-
hip joint forward during walking. Leg synchronization feedback Sq is only connected to the motor
neurons of the swing-hip joint. Since the moment of inertia of the swing leg at the hip is smaller than
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Fig. 8. Sensory reflex network.

that of the support hip, it will take less force to coordinate two legs by tuning the motion of the swing
leg. Joint angle feedback Sa,i is a local feedback for each joint.

3.3. Torso attitude controller
To hold the torso around a desired angle, we add the torso attitude torque ut into the support hip joint
by applying PD control scheme,16

ut = −kp(q1 − θt ) − kd q̇1, (17)

where q1 and q̇1 are the absolute angle and velocity of the torso as defined in Fig. 1, θt is the desired
torso angle, and kp and kd are the control gains.

4. Simulation Results and Characteristics of Walking

4.1. Typical features of steady biped locomotion
We constructed the biped robot model in the simulation environment of Mathworks
MATLAB/Simulink. Control parameters of the reflexive controller are defined in Table II. The
criterion to choose these parameters is summarized as follows. The time constant τ of the motor
neuron determines the response speed of neurons with sensory input and it is set as 0.01 s to respond
to the feedback quickly. αa and αcm, which influence the steepness of sensory feedback relative to
motion angles, can be selected according to the desired range of joint angle qi and the inverted
pendulum angle θcm. Joint extreme angles �

hip
f,i and �

hip
e,i can be determined according to the human

motion range data. The threshold of the global motion feedback �cm reflects the middle angle of
the global motion feedback. To inject more energy in the initial stage than the latter stage, �cm was
selected to be greater than π/2 to overcome the potential energy barrier. The bias angle �q , used to
tune foot clearance during walking, was set as a small value for level walking. The weight value of ρa

can be determined by the amplitude of the desired limit torque. Connection weights ρcm and ρq can
be selected from a stability region, which will be discussed in Section 4.2. The desired torso angle θt

has a marked effect on the desired walking speed and it can be selected from a wide range.
Since the biped walking corresponds to a limit cycle in the state space, the robot must start from

initial conditions within the basin of the limit cycle. We used a simplified inverted pendulum to
estimate initial conditions that lead to a stable limit cycle, as shown in Fig. 2. Let L denote the
length from the COM to the pivot point, I denote the inertia about the pivot point, and M denote
the total mass. According to the angular momentum balance theorem,17 the motion equation can be
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Table II. Control parameters.

τ gi αcm �cm ρcm �q ρq αa �
hip
f,i �

hip
e,i ρa θt kp kd

0.01 1.0 20 1.71 1.5 0.02 0.5 30 1.75 −0.7 1.0 0.175 1.0 0.5

written as I θ̈cm+ MgL cos(θcm) = 0. By linearization of this equation at θcm =π/2, we can obtain
the analytical solution as

θcm=π

2
− 	0

sin(λ0T/2)
sin(λ0t), (18)

where 	0 is the half stride angle of the pendulum, λ0 =√
MgL/I , and T is the step period.

Differentiating Eq. (18) at t = T/2 leads to

θ̇cm

	0
= λ0

tan(λ0T/2)
, (19)

which indicates the ratio of the initial angular velocity and the half stride angle of inverted pendulum.
Regardless of the swing amplitude, the step period T has a minor change and varies near 0.65 s
(see Fig. 14 in Section 4.3); therefore we fixed the step period for simplification. The robot with the
parameter values shown in Table I has a relationship of q̇2 = −3.0 × (q2 − q3) at the beginning of
the swing phase. The joint velocities of the torso and the swing leg should have initial conditions such
as q̇1 = q̇3 = q̇4 = 0. For initial joint angles at the beginning of the swing phase, the swing knee angle
q4 should be zero, the ground constraint condition can be written as 2q1 − q3 − q2 = 0, and the initial
torso angle q1, which can be selected from a relative wide range (see Fig. 14 in Section 4.3), is set
to 0.2; therefore the initial joint angles depend only on the stride angle q2 − q3. From the simulation
with these initial conditions, we found that the stable walking can be obtained from any initial stride
angle between 0.14 rad and 0.26 rad.

Figure 9 plots the generalized coordinates versus the time. We can see that the torso angle q1 moves
forward at the beginning of the step, and this is the result of ground collision as well as deceleration
of the hip joint. The torso angle returns to the desired value under the torso attitude controller at the
end of the step. Figure 10 portrays the stick figures of walking behavior. It should be noted that for
different initial conditions with the same control parameters, the same stable limit cycle is obtained.
This indicates that the stable limit cycle is unique for particular control parameters.

Gait bifurcations tend to occur while using torque-based control approach. We design the leg
synchronization feedback to stabilize period-two walking. To compare the effect of bifurcation
suppression, we conduct a comparative study with our previous delayed feedback control (DFC)
method, which adjusted the amplitude and frequency of hip oscillator according to the error of prior
step periods.7 The oscillator is designed as an intermittent sinusoid,

u3(t) =
{

A · sin
[
ω · (

t − t iG
) + φ0

] + B, tiG < t ≤ t iK
0, t iK < t ≤ t i+1

G
, (20)

where A is the amplitude, ω is the frequency, B is the bias, t iG and t iK are the time instants of
ground collision and knee collision at the ith step respectively, and φ0 is oscillator initial phase.
To stabilize bifurcations, the DFC method adjusts the oscillator as Ai+1 = Ai + KA · (T i − T i−1)
and ωi+1 = ωi + Kω · (t i − t i−1), where Ai and ωi are respectively the amplitude and the frequency
of the oscillator at the ith step, KA and Kω are the control gains, and T i is the step period of the
ith step. Figure 11 demonstrates the results of comparison between the two methods. Bifurcation
controller is activated at and after step 10 for both methods. For the proposed method, weight of leg
synchronization ρq is set to zero before the 10th step. For the DFC method, the amplitude A and
the frequency ω are kept constant before the 10th step, and values of these parameters are selected
to have a period-two walking pattern similar to that of the proposed method. The bifurcation control
parameters of both proposed method and DFC method are optimized to have the quickest converging
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Fig. 9. Joint angles versus time.

Fig. 10. Stick figures of walking behavior during two steps.

for the given period-two walking. Although there is a slight difference in step periods between the
two methods, we can still see that bifurcations can be stabilized more quickly with the proposed
method for a given period-two walking.

4.2. Robustness against control parameters and external disturbance
It is interesting to examine the effect of control parameter values on stable walking region. The
Poincare method is used to evaluate the stability of walking cycle.27 The Poincare section is selected
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Fig. 11. Comparison of bifurcation control between the current method and the DFC method.

Fig. 12. Stability region of control parameters.

as an instance just after heel strike, and the Newton–Raphson methods are used to find the initial
condition that was on the limit cycle for the given control parameters. We check cycles’ stability by
calculating the eigenvalues of the Jacobian of the Poincare map numerically. Figure 12(a) shows the
stability region versus global feedback parameters with the same control parameters as given in Table
II except for �cm and αcm. The shaded areas are the range of global feedback parameters in which
stable gaits appear, and the contour is the maximum eigenvalue.

We can see in Fig. 12(a) that a stable walking locomotion can be obtained for a wide range of global
feedback parameters with the aforementioned controller. We can also see that increasing threshold
�cm leads to decreasing αcm to keep walking stable. Figure 12(b) shows the stability region versus
connection weights with control parameters in Table II except for ρcm and ρq . We see that for a wide
range of connection weights of ρcm and ρq , stable walking can be realized, and this may benefit from
the proposed approach, which is designed to keep pace with robot’s dynamics during walking. Effect
of control parameters on walking performances will be discussed in Section 4.3.

To evaluate the robustness of the proposed control strategy against disturbances, three different
pushes were exerted during walking. These pushes are modeled as forces applied to the hip joint
for a duration of 0.05 s. The first push is 10 N in magnitude and exerted in a backward direction.
The second push is 15 N in magnitude and exerted in a forward direction. The last push is 20 N in
magnitude and exerted in a downward direction. In order to allow the controller to act on the whole
walking cycle after disturbance, these pushes occur in the beginning of the single support phase.
Figure 13(a) demonstrates the stride angle versus time with a backward disturbance; from Fig 13(a),
one can see that the stride angle decreases at the collision significantly, which means that the robot
slows down due to backward push. However, the stride angle returns to a steady state after several
steps. As shown in Figs. 13(b) and (c), the robot can also recover its balance when it is perturbed from
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Fig. 13. Results of robustness against external disturbance.

Fig. 14. Effect of the control parameters θt and �q on walking indices.

forward and downward directions. It should be noted that the robot can also recover from different
start times of the pushes within the stride.

One can see that the stride angle is increasing also in the second step after the forward disturbance
in Fig. 13(b). This phenomenon may be explained intuitively as follows. A key feature of dynamic
walking is the dissipation of energy at ground collision. When the kinetic energy is larger than
nominal, the longer step length can induce larger energy dissipation at collision and the robot may
return to periodic orbit over multiple steps. When the robot receives a forward disturbance, the speed
is larger than nominal. This induces a shorter step time; therefore, the first step length may be not
the longest one. After collision, the speed decreases remarkably and the step time recovers. The step
length is also increasing in the second step. This phenomenon is the same as the observation of human
motion: one may take two or more steps to recover from a large forward push and choose a relative
shorter step length for the first step.

4.3. Effect of parameters
In this section, we will show the effect of control parameters θt , �q , ρcm, and ρq on the stride angle
and the walking period.

Figures 14(a) and (b) demonstrate the stride angle and the walking period as functions of the
desired torso angle θt and leg synchronization bias �q respectively. One can see that increasing the
desired torso angle θt can increase the stride angle and decrease the walking period. In the beginning
of the single support phase, robot’s COM is behind the support leg tip, and gravity initially decreases
the angular momentum of the robot around the support leg tip. After the COM moves past the support
leg tip, gravity will increase the angular momentum of the robot. Increasing of θt can shift the location
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Fig. 15. Effect of the control parameters ρcm and ρq on walking indices.

of the robot’s COM forward, and this will shorten the period of deceleration significantly; therefore,
θt is one of the most effective parameter changes for the regulation of walking speed. The larger the
value of �q , the larger the stride angle. There exists a demarcation point of θt that before this point,
the larger the �q , the smaller the walking period; however, after this point the larger the �q , the
larger the walking period.

Weights of global motion feedback ρcm and leg synchronization feedback ρq have effects on the
amplitudes of joint torques, and therefore walking performances can also be effected significantly by
these two parameters. Figs. 15(a) and (b) show the stride angle and the walking period as functions
of the weights of the global motion feedback ρcm and the leg synchronization feedback ρq . One can
see that the larger the weight of leg synchronization feedback ρq , the smaller the stride angle and the
walking period. The larger the weight of global motion feedback ρcm, the larger the walking period.
There exists a demarcation point of ρq that before this point, the larger the weight of global motion
feedback ρcm, the larger the stride angle; however, after this point, the larger the weight of global
motion feedback ρcm, the smaller the stride angle.

To enlarge the stride length, the robot can increase the desired torso angle θt and the bias angle
�q , or decrease the weight of leg synchronization feedback ρq . To reduce the stride period, the robot
can increase the desired torso angle θt and the weight of leg synchronization feedback ρq , or decrease
the weight of global motion feedback ρcm. These regulations are limited by the stability region and
the maximum joint torques that the robot could provide.

5. Experimental Study

5.1. Experimental biped robot
In order to test the validation of the proposed control strategy, we manufactured the biped robot
actuated by antagonistic pneumatic muscles produced by Shadow Robot Company. The length and
radius of the muscle are 0.21 m and 0.02 m respectively. As shown in Fig. 16(a), the robot has five
links, which are connected by revolute joints. The robot has curved feet in the experiment. Compared
with the ideal point feet, the curvature feet can improve walking efficiency. The robot with curve
feet touches ground at the heel of the leading leg and at the toe of the trailing leg. This reduces the
directional change in COM velocity, and therefore the step-to-step transition work. The curved foot
can also allow for long stride lengths because the foot can be extended during ground contact.

In order to constrain walking motions in the frontal plane, the robot was constructed with a radial
bar attached at the torso. The bar constrains the sagittal plane to be tangent to a sphere centered at
the universal joint, and still allows the robot to freely trip in the sagittal plane. Three encoders are
integrated within the universal joint to measure torso’s motion, potentiometers are installed at the hip
joint and the knee joint to obtain joint angles, and binary contact switches are located at the tip of the
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Fig. 16. Outline of the robot and the experimental setup.

Fig. 17. Frames of normal walking experiment.

leg to detect whether a leg is in contact with the ground. Control system, proportional valves, and air
compressor were placed outside the biped, as shown in Fig. 16(b).

5.2. Experimental results
First, we demonstrate that the robot can walk on a flat ground with the proposed control strategy.
Figure 17 shows the frames of normal walking experiment. The fame interval is 0.09 s, and the average
walking stride is about 0.28 m. The average velocity is 0.35 m/s. Figure 18 shows the trajectory of
inter-leg angle φ versus time; from Fig. 18, one can see that the trajectory of each step is a little bit
different. The first reason is that the repeatability of pneumatic muscles is not as good as motors,
and the second reason is that the control input is generated according to the walking states of robot
instead of tracking planned trajectories.

In order to examine the robustness of the proposed control strategy against unexpected disturbances,
a forward push was applied to robot’s torso by a person during walking. The push force lasts for
about 0.3 s. Figure 19 shows the video frames of the walking experiment with an interval of 0.24 s,
and Fig. 20 plots the trajectory of inter-leg angle φ versus time. The support leg moves fast after a
forward push, and the robot can recover its balance after two short steps.
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Fig. 18. Inter-leg angle versus time during normal walking.

Fig. 19. Frames of walking experiment with forward disturbance.

Fig. 20. Inter-leg angle versus time during walking with forward disturbance.

A backward push was also applied to the robot by a person during walking. The push force lasts
for about 0.25 s. Figure 21 shows the video frames of the walking experiment with an interval of
0.24 s, and Fig. 22 plots the trajectory of inter-leg angle φ versus time. From Figs. 21 and 22, we
can see that the robot moves slow after a backward push and can tolerate this disturbance with the
proposed strategy.

6. Conclusions and the Future Work
In this paper, we present a walking rhythm control controller combining sensory reflex and leg
synchronization. Instead of planning and tracking joint angles precisely, this strategy is inspired by
the regulation mechanism of neuro–musculo–skeletal system, and generates walking gait according
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Fig. 21. Frames of walking experiment with backward disturbance.

Fig. 22. Inter-leg angle versus time during walking with backward disturbance.

to evolution states and sensory feedback of biped walking. The results of this paper are summarized
as follows:

1. The overall control strategy is made up of rhythm motion controller and torso attitude controller.
The rhythm motion is generated by motor neurons according to a reflex network, and torso attitude
controller is used to hold the torso at a desired angle.

2. We introduce global motion, leg synchronization, and joint angle as sensory feedback to activate
motor neurons. The absolute angle of pendulum is utilized as a global motion feedback to realize
global entrainment between the biped robot and the environment. Leg synchronization is used to
coordinate the support leg with the swing leg. Joint angle feedback is designed to mimic human
muscle behavior.

3. We demonstrate that the walking strategy is not only stable for a wide range of control parameters
but also robust against external disturbance. Experiments have been conducted to confirm the
validity of the proposed method.

Instead of tracking the predetermined trajectories, our proposed strategy generates the walking
behavior through interactions between the robot dynamics, the controller, and the environment, which
are crucial in control of locomotion.

The control parameters are currently selected manually from pre-calculated desired motion ranges
and stability. While it has not yet been formalized to an automatic selection of these parameters
with respect to specified objects, the relationships between walking indices and control parameters
have been reasonably precisely described in atlases. It is possible to automatically synthesize a
set of feasible parameters with respect to a given object using these atlases29 or the iterative
Newton–Raphson method. Our reflex-based approach has a small number of parameters, which
may make the automatic optimization practical.
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Since proportional valves are placed outside the biped in the experiment, the air tube between the
muscle and the valve is long. The length of the air tube has an effect on the speed of air muscle. This
limitation leads to a short radial bar and results in the mobility of leg tip in the sagittal plane, which has
an effect on walking. The robot usually takes about 10 steps (half a circle) in the experiment. Placing
valves on the torso needs more powerful and longer muscle. We will consider it in the future study.
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Appendix A: Motion Equations for 4-DOF Phase
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C434 = (q̇1 − q̇3 − q̇4)mslt lsrs sin q4,

C441 = −mslsrs((q̇1 − q̇2)ll sin(q4 + q3 − q2) + (q̇3 − q̇1)lt sin q4,

C442 = mslllsrs(q̇1 − q̇2) sin(q4 + q3 − q2),

C443 = (q̇3 − q̇1)mslt lsrs sin q4,

G41 = −g(mhll sin(q1 − q2) + mhlhrh sin q1 + (1 − rl)mlll sin(q1 − q2) + mtll sin(q1 − q2)

− mtlt rt sin(q1 − q3) + msll sin(q1 − q2) − mslt sin(q1 − q3) − mslsrs sin(q1 − q3 − q4)),
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Appendix B: Motion Equations for 3-DOF Phase
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C332 = −(q̇1 − q̇2)mll
2
l rl sin(q2 − q3),

G31 = −g(mhll sin(q1 − q2) + mhlhrh sin q1 + 2mlll sin(q1 − q2) − mlllrl sin(q1 − q2)

− mllt rl sin(q1 − q3)),

G32 = gll sin(q1 − q2)(mh + 2mlll − mlrl),

G33 = mlgllrl sin(q3 − q1).

Appendix C: Motion Equations for Ground Collision Model

Df11 = D311, Df12 = D312, Df13 = D313, Df22 = D322, Df23 = D323, Df33 = D333,

Df14 = mhll cos(q1 − q2) + 2mlll cos(q1 − q2) + mhlhrh cos q1 − mlllrl cos(q1 − q2)

− mlllrl cos(q1 − q3),
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Df15 = mlllrl sin(q1 − q2) − 2mlll sin(q1 − q2) − mhlhrh sin q1 − mhll sin(q1 − q2)

+ mlllrl sin(q1 − q3),

Df24 = −(mh + 2ml − mlrl)ll cos(q1 − q2),

Df25 = (mh + 2ml − mlrl)ll sin(q1 − q2),

Df34 = mlllrl cos(q1 − q3),

Df35 = −mlllrl sin(q1 − q3),

Df44 = mh + 2ml,

Df45 = 0,

Df55 = mh + 2ml,

E(qf) =
[

zx + ll sin(q1 − q2) + ll sin(q3 − q1)

zy + ll cos(q1 − q2) − ll cos(q3 − q1)

]
.
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