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Dynamic Control Strategy of a Biped Inspired from Human Walking

H. Serhan, P. Hénaff (IEEE Member), C. Nasr (SM IEEE), F. Ouezdou (IEEE Member)

Abstract— In this paper, we show that a biped robot can
walk dynamically using a simple control technique inspired
from human locomotion. We introduce four critical angles that
affect robot speed and step length. Our control approach
consists in tuning the PID parameters of each joint in each
walking phase for introducing active compliance and then to
increase stability of the walk. We validated the control
approach to a dynamic simulation of our 14DOF biped called
ROBIAN. A comparison with human walking is presented and
discussed. We prove that we can maintain robot stability and
walk cycle’s repetition without referencing a predefined
trajectory or detecting the center of pressure. Results show
that the walk of the biped is very similar to human one. A
power consumption analysis confirms that our approach could
be implemented on the real robot ROBIAN.

I. INTRODUCTION

Biorobotics research seeks to develop new robotic
technologies modeled after the performance of human and
animal neuromuscular systems. These techniques lead to
complex control strategies. The implementation of such
control approaches in biped walking robot did not enhance
the robot locomotion to mimic the human one. In addition,
those techniques required many mechanical customization or
simplifications. Those customizations contributed to a non-
human model. However, observation of human walking let
one assumes that this walk is seemingly simple. Walking
inspiration from human being could be done by trying to
mimic natural human locomotion on many different ways.
The more common methods are:

e Biologically inspired control approaches using neural
oscillators as a central pattern generator (CPG) and
reflexive control [1][2][3].

e Passive dynamic walking approach and its extension
to active feedback [4]-[7], [9]-[16].

e Pragmatic rules for real-time control [8].

e Tracking of optimal reference trajectories [17] [18].
Regarding the first method, many researchers have been
done in this field. In 1991, Taga demonstrated the
effectiveness of this approach in unpredicted environments
[1]. Since then, several attempts have been made to explore
more the effectiveness of neural oscillator based controllers
on legged locomotion [2]. However, sensory feedback
signals also play a crucial role in such control systems. This
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technique has many advantages but also drawbacks that limit
its utilization. The best advantage is its ability to learn
through interaction with the environment. However, manual
tuning of the oscillators parameters is required. In addition,
many parameter optimization techniques were developed,
but for the price of increased computational effort along with
the increase of the state space dimension. This calculation
time is too prohibitive and makes those techniques
undesirable for implementation in real-time. Matsubara et al.
[3] developed a new technique based on sensory feedback to
CPG for adapting the controller to the environment, but also
this technique has a high computational cost. So they went
into a reduction of the state space dimensionality.

The second approach known as Passive dynamic walking
pioneered by McGreer more than a decade ago [7] has been
well studied by several researchers [4]-[6]. Passive dynamic
walking is attractive for its elegance and simplicity, active
feedback control is necessary to achieve walking on level
ground and varying slopes, robustness to uncertainties and
disturbances, and to regulate walking speed. The first result
in active feedback control that exploits passive walking
appeared in [5], [9], [10], [11], for planar bipeds. Passive
walking in three dimensions was studied in [12] and [13].
Later the results in [11] were extended to the general case of
3-D walking in [14]. An interesting and elegant extension of
these ideas appears in [15] where geometric reduction
methods are used to generate stable 3-D walking from 2-D
gaits. Robustness issues were addressed in [16] using total
energy as a storage function in the hybrid passivity
framework.

The third approach proposed by Sabourin et al. [8], is
based on a control strategy that allows the transition of
velocities for the dynamic walk of an under actuated two-
dimensional robot without using a reference trajectory and
by simple succession of active and passive phases.

The fourth approach [17][18] is based on the analysis of
the variations of angles, velocity, and acceleration of human
locomotion and trying to reproduce them on robots. This
method has many drawbacks. First, to mimic human the
robot dimensions should be customized to the model.
Secondly this method cannot give the robot the possibility to
adapt itself to the surrounding environment (in a non-regular
ground for instance.).

In this paper, we propose to mimic human motion. This
work could be considered as an enhancement to the idea
proposed by Sabourin et al., and an extension to the real
world of anthropomorphic three-dimensional robots with
foot. The low level control is a PID controller. However, the
high level control will be an adaptive control algorithm
based on the predefined points we summarized from human
locomotion and deduced from tests done by different



researchers in this field. The proposed technique is not based
on following a predefined trajectory; this will give the robot
the possibility to adapt itself to the surrounding environment.

This paper is organized as follows: In section II, a
description of the control technique is discussed in details
along with a description of the robot and the simulator used.
In section III, Implementation of the control algorithm and
the results obtained will be presented in detail. Section IV
concerns discussion and conclusion.

II. CONTROL METHOD DESCRIPTION
A. The ROBIAN project

Our main motivation for ~
. oA~
bipedal research concerns a =
significant contribution to the o
study of human being fr

o

locomotion system. For this
purpose, a multi-degree of
freedom biped prototype with
flexible feet called ROBIAN
(acronym for Robot Blpéede
ANthropomorphique), has
been developed. The major
application of ROBIAN (Fig.
1) prototype is the
development of a real test bed
of active/passive prosthesis
devices enhancing research on
the human being locomotion
apparatus. ROBIAN is
composed of two different parts: a locomotion system (lower
limbs) and a torso mechanism (upper part). In this paper, we
focus only on the locomotion systems. Each leg has a total
of seven DoFs [17], [18], three actuated DoFs for the hip,
one actuated for the knee, two actuated for the ankle and one
passive for the foot providing flexible feet. The total height
of robot is 1.50 m, its weight is 30 kg, and modular design
was developed. Hence, each concerned kinematical module
(hip, knee, ankle or foot) can be easily replaced by a
prosthetic device to be tested. Mechanical construction of
the modular locomotion system has already been done and
static walking gaits were already achieved in 2003.

1.10 m — 20kg

L

—

Fig. 1. The ROBIAN biped

B. Human motion & inspired walking parameters

The work on human locomotion done by, Viel [21], Bouisset
[22], Allard [23], and Winter [24] allows us to identify the
major properties in the human walking that influence step
length, velocity, and equilibrium in a dynamic walk. The full
human walking cycle described in [21], [22], [23], and [24],
can be divided into eight phases. The functionality of each
phase can be depicted with respect to one leg acting first as
swing leg and then as stance leg (Fig. 2). Our description
will be more physical in order to inspire the way the robot
will be controlled.

Human locomotion is a succession of passive and active
phases [8]. The locomotion of our anthropomorphic robot
ROBIAN can be characterized by essential angles inspired
from movements of the locomotion apparatus of human

being in 3 plans (sagital “S”, frontal “F” and transversal “T”)
[25],[26]. These angles could be summarized as follows

(Fig. 3).

Phase 0 | Phase 1| Phase 2| Phase 3| Phase 4| Phase SIPhase 6| Phase 7

0% 50 % 100 %
Precentage of Walking Cycle
Body Propulsion Begining
With Left Leg on Tip Toe
And Ending on Left Leg
on Heel Contact

Double
Support

Ref.: Double | | if off |Passive | Active
Right Leg | Support Swing | Swing

Body Propulsion Begining

Ref.: | Double | with Right Leg on Tip Toe
Left Leg [Support| and Ending on Right Leg
on Heel Contact

Active
Swing

Passive
Swing

Double

Support | L7t OFF

Fig. 2. Full Human Walking Cycle Description (Ref. Right Leg)

In Sagital plan (S plan):
Two angles that have direct effect on step length, and walk
stability are:

e Swing leg Hip Anterior Extreme Angle: 65%;7 H s

e Stance leg Hip Posterior Extreme Angle: 9]\94{% s

Four angles that have direct effect on robot dynamics and
propulsion are:

e Swing leg Knee Anterior Extreme Angle : 9,%7 K S
e Swing leg Knee Posterior Extreme Angle: 95,';17 K S
e Stance leg Knee Anterior Extreme Angle: Oy, ¢ s
¢ Swing leg Ankle Anterior Extreme Angle: BAS,};in A4S

e Upper Body Inclination Angle: 9%7 ¢ has direct effect

on robot speed and stability. This is due to its effect on
the position of the robot center of mass (section I11.B.).
Based on the swing leg Tibia Ground Contact

Angle Qgg/ s » the control unit should regulate the lift off

phase of the upcoming swing leg.
In Frontal Plan (F plan):
Two angles have direct effect on robot stability:

e Maximum Hip ABduction Angle: eﬁgxf HF
e Maximum Hip ADduction Angle: — Gﬁfxi HF

In Transversal Plan (T plan):
In this plan, we are not taking into account hip movement

because internal rotation movement of the human leg is
negligible. We assume that the leg is not doing any rotation.

C. PD Controllers parameters

It should be noticed that all the motors are drove by PD
controllers with the predefined angles (detailed in the
paragraph B) as desired angles. A general equation of each
PD controller of each actuator 7 is given below:

leg ¢ .phase % B phase %00 _ D
Tactuatm; plan ~ *“actuator_plan (G 9)+Kdacluat0r7plan (@ 0)(1)

Where: ¢ andéare the relative angle & velocity of the
corresponding actuator. 6, and ¢, are the desired angle and



velocity values. And /eg corresponds to Stance or Swing leg,
phase corresponds to phases from 0 to 7, actuator
corresponds to Hip, Knee and Ankle, plan corresponds to
Sagital, Frontal, and Transversal. At each phase, the values
of the Kc, Kd parameters are changed. An empirical way
was used for adjusting those parameters when the swing leg
is near to touch the ground.

UpperBody ,pDS DS
Max S OMax_ 1 F()‘-‘l.'u‘\illif ¥
a7
Z z X
DS
i s S Ora_n_F
I 9;1[(1.\' K SR\ VMin_K_§ |

4
Kngﬁ flexor

Ohtax 4 s
Ankle flexor

Fig. 3. Extreme angles characterizing ROBIAN Locomotion

D. Inspired Control strategy

Our control strategy consists in analyzing ROBIAN dynamic
walk through the previously determined parameters (I1.B.).
We have divided our control algorithm into 12 states. States
1,3,4,5,6,10 correspond to the swing leg and states 2,7,8,9,11
correspond to the stance leg. They will actually happen in
the same time if right & left leg motion during a half
walking cycle is studied. The initial position is defined
when the robot is standing up but one of the legs is behind
the other. The control algorithm is defined by the below
Petri Net Algorithm (Fig. 4). The control techniques along
with the correspondence between the Petri Net Algorithm
states and the human walking phases are given below:
State 0: Equilibrium Phase - where the robot is standing up
with Stance Leg in front of Swing Leg. This state is the
starting position.
State 1: (DS — F Plan) Move Weight to Stance Leg, this
state corresponds to Human “Phase 0 - DS”. This state is
active only at startup. During this State, two actions happen
in parallel:
e Apply an active torque to the Hip for moving body
toward Stance Leg:
f}?fF:Kc%j*(aﬁi 0F
e Activate Ankle in order to follow the inverse of the
current Hip angle, this will lead to maintaining body
parallel to ground:

SW _ 0 SW_ SW 0 SSW 4SW
Ty p=Key g *(_91{ r =0y P KAy Oy =04 )

—92?%)+Kﬂ%iF*(9DS

ASW
Max H F ~ erS)

State 2: (DS — F Plan) Move Weight to Stance Leg, this
state corresponds to Human “Phase 4 — DS”. This state is
active only at startup. During this State, two actions happen
in parallel:

e Apply an active torque to the Hip for moving body

toward Stance Leg:

ST

_ 4 DS
HF _KCHfF *@

ST 4 ;DS 5 ST
-0 +Kd *6 -0
Max H_F n p)tKdy g

Max_H_F HiS)

e Activate Ankle in order to follow the inverse of the
current Hip angle:

ST _ 4 ST ST 4 ST ST
vy =Ky prCOS -0y p)Kdy Oy =04 p)

Equilibrium State = starting position:
stance leg in front of swing leg

DS Phasp 1: lift off
7] .
Max _H (§ plan)

Phase 5: Body,
Propulsion (S plan) =0

s
ekneeiS_gM Lxs
_pSw

knee |S ~ 7 Min _knee _ S

Phase 3: active

Phase 6, 7: Body Swing (S plan)

Stabilization (S)

Swing l¢g foot

touches ground touches/ground

STANCE LEG

~ STAl SWING LEG
Fig. 4. Petri Net Algorithm for Robian Dynamic Walk (S_Plan or
Sagital Plan, F_Plan or Frontal Plan)

State 3: (Swing Leg - S Plan) this State Corresponds to

Human “Phase 1 — Liftoff”. It starts after the hip angle in

“T-plan” is equal to desired one, which indicates that most

Body weight is applied on Stance leg. During this State,

three actions happen in parallel:

e Apply an active torque to the Hip for accelerating the
dynamic move of the oscillatory leg and create body
inertial effects until thigh is in vertical position:

SW i SW SW
ty s=Key %0, 04 s)

e Keep Knee Free from any torque. It will bend in the
opposite direction: 7y ¢ =0

e Keep Ankle Free from any torque. This will extend
ankle: riV_VS =0

State 4: (Swing Leg — S Plan) this State Corresponds to

Human “Phase 2 - Passive Swing”. It starts when the Swing

leg thigh is in vertical position. After this position, body will

move forward under gravity. During this State, three actions

happen in parallel:

e Keep Hip Free from any torque. Swing leg thigh inertia

will impose its forward motion: r,S{Vf s=0



e Keep Knee Free from any torque. It will extend under
gravity effects: T;S;VE/S =0
e Activate Ankle till Foot is parallel to Ground:
TjKVS :Kcis *(@%EVSJJ —HjKVS)JFdeZLS *(éj‘iysid —éjiys)
State S: (Swing Leg — S Plan) this State Corresponds to
Human “Phase 3 - Active Swing”. This is the Swing leg
landing phase. It starts when thigh of Swing leg reaches the
posterior extreme angle. During this State, three actions
happen in parallel:
e Apply an active torque to the Hip, for stabilizing it:
Tl‘yfs = Kégts *(@%Vxﬂj 7HEIVYS)+K0%[75 *(@%LH} *9191%)
e Apply an active torque to the Knee, for stabilizing it:
f1S<Vi/S :KC?{_S *( M?;:_K_S - KV_VS)+Kd13<_S *( .MI?:;_K_S _91§EVS)

e Apply an active torque to the Ankle for keeping Foot
parallel to Ground:

Tﬁiys :KCELS *(Hz%ufs —HjEVS)JFdeLs *(%%7A7S —9%/5) St

ate 6: (Swing Leg — F Plan) Move Weight smoothly toward

Swing Leg, so body weight will be applied on swing leg

when touching the ground. During this State, two actions

happen in parallel:

e Apply an active torque to the Hip for moving body
toward Swing Leg:

—4 —4 - .
il p =Ky p @ <0i" )+ Kdf e * @ -6 p)

i 9 _gSW o Ma H_F
Wit HH_F HH_S —HSW
Max H _S

e Activate Knee in order to follow the inverse of the
current Hip angle:

i =K (0 0 ) Kdy <@ 07"
State 7: (Stance Leg — F Plan) Move Weight toward Swing
Leg. During this State, two actions happen in parallel:
e Apply an active torque to the Hip for moving body
toward Stance Leg:
o =Kt e 2O 05 p)vKdi e <0 -6 p)

HDS
. Max H F
With: 079 =-95" * S
H_F H_S PR
Max _H _ S

e Activate Knee in order to follow the inverse of the
current Hip angle:

s 0-4 s 0-4 s jref S
7A]_-F =Kcy F *(—gsf‘; _HA{F)"'KdA_F *(926'/‘; _HAiF)

State 8: (Stance Leg - S Plan) this State Corresponds to

Human “Phase 5 - Body Propulsion”. During this State,

three actions happen in parallel:

e Apply an active torque to the Hip for stabilizing Upper
Body and counteracting swing leg hip torque:

ST _ w5 s UB ST S w UB ST
Ty s=Key g (‘9MMS Oy )+ Kdy ¢*Op s =05 )

e Apply an active torque to the Knee for extending it and
initiate body propulsion:

11’5;{5 = KC?QS *(HAS;[];xiKiS *@S{S) +Ka‘15<7$ *(9AS/‘[ZX7K7S *@g{s)
e Keep Ankle Free from any torque (this is an essential
action for freeing body propulsion): Tii s=0

State 09: (Stance Leg — S Plan) this state corresponds to
Human “Phase 6, 7 - Body Stabilization”. It starts when
Stance leg knee angle is extended and reaches QA%X, K S-
During this State, three actions happen in parallel:
e Stabilize Upper Body:
’isiTj =K616175 * (9;;17 s
e Stabilize Knee:
T1S<{s =K€16<75 *(91\%1 K S —5?9{ )+Kdl‘{s *(%Z;LK?S —91?5)

‘91§T s) +Kdgfs *(9%)&5 —91‘3T s)

e Keep Ankle Free from any torque (this is essential for
freeing body propulsion): z’j{ ¢=0

State 10: (DS — F Plan) Move Weight to Stance Leg, this

state corresponds to Human “Phase 0 - DS”. During this

State, two actions happen in parallel:

e Apply an active torque to the Hip for moving body
toward Stance Leg:

SW _ 0 DS
=Key p*(O

SwW 0 ADS
o p o g O PRy 5

5
F Max H F 76HV1/S)
e Activate Knee in order to follow the inverse of the

current Hip angle:
Ti’iVF :chj *(_HISI/F _giﬁVF)JrKdng *(_QIL?IVYF _éjﬁVF)

State 11: (DS — F Plan) Move Weight to Stance Leg, this
state corresponds to Human “Phase 4 - DS”. During this
State, two actions happen in parallel:
e Apply an active torque to the Hip for moving body

toward Stance Leg:

ST _ x4 DS
=Kcj p*(©0

AST
T -0
H_F Max_H_F H

ST 4 hDS
-0y p)+Kd}y *0 "9

Max_H_F

e Activate Knee in order to follow the inverse of the
current Hip angle:

ST _ o4 ST ST 4 ST ;ST
vy p=Key prO7 -0y p)tKdy p* Oy p =0y p)

III. SIMULATION RESULTS

We applied this algorithm on a simulated model of our
biped robot ROBIAN developed under OpenHRP (Open
Architecture Humanoid Robotics Platform) the software
platform for dynamic simulation of humanoid robots,
developed by AIST, the University of Tokyo and MSTC
This simulator allows us to evaluate the robustness of our
approach before testing on the real robot. The OpenHRP
model of the ground/foot contact is based on a spring-
damper system. In our case, the parameters Kp (spring
coefficient) and Cp (damper coefficient) are calculated
experimentally.

o Spring-damper coefficients parallel to axis [X, Y, Z]:
Kp=[10°, 10°, 10°] in N/m;Cp= [10°, 10°, 10°] in N/(m/sec);
o Spring-damper coefficients rotational around axis [X,Y,Z]:
Kp=[1.610°, 10°, 10°] in Nm/rad;

Cr=[1.610°, 10°, 10°] in Nm/(rad/sec);

ROBIAN foot contains 5 similar plots in rubber. Below are



the Static and sliding friction factors:
Static friction factor = 0.6, sliding friction factor = 0.5.

A. Walking analysis

Walking snapshots from frontal and S plan are
represented on Fig. 6 (walking speed is of 0.65 m/sec).

1 2 Frame sy 13

Phase 0
Phase 4

Phase 1
Phase 5. 6,7

ase
Phase 5.6, 7

Fig. 6. Walking snapshots from F (up) an S plans (bottom) for a
half walking cycle at the speed of 0.65m/s. Time between each
snapshot is 19ms (frames captured from left to right).

The superposition of successive walking phases presented in
Fig 10 shows the stability of a long walk of the robot (ie. ten

this angle (18 degrees) is determined. In Fig. 8, the robot
mean speed variation with respect to angle 6’,%7 K sis
given. Hip anterior extreme angle HASKY? 1 s has also some

influence on robot walking speed.

ROBIAN v with

os to Body | -1

Bl [degres] = 2 B [degres] = 6 B [degree]l =12 Bl [degiee] = 16

Fig. 7. ROBIAN means velocity value with respect to Body
Inclination (knee anterior extreme angle is fixed to -4 degree)

ROBIAN with

to Knee Angle (K-A)

K-A [degres] = - 18

K-A [degres] = - 14

K-A [degres] = -2 K-A [degres] = - &

Fig.8. ROBIAN mean velocity value with respect to knee
anterior extreme angle (body inclination is fixed to 6 degree)

After hundreds of tests, stability margin for different
referenced angles is summarized in the Table II.

walking cycles). The results obtained show that ROBIAN Table 11
was able to walk infinitely into the simulator without falling. Stability Limit Margins
This is due to the continuous control of the PD controllers oSV 65T oSV
parameters based on the walking phases, thus based on the Max _H_S Max_H_S Min_K_5§
.. .. Acceptable marain Currently Acceptable Currently Acceptable Currently
]Olnt pOSlthnS. P 8 allocated margin allocated margin allocated
20°t040° | 30° |-20°t0 -10° -15° | -30°t0-2°| -4°
10
' == SRk e e SW ST SW
Q- e—— = \%,_M‘.\ Le Ovtax K S Obax K S OMax 4 s
g ol {f e - 2 Acceptable marain Currently Acceptable Currently Acceptable Currently
S | ARBAMANY For VIR ML eyt “ep g allocated margin allocated margin allocated
gfl‘f 42 * " v Anger = ‘ i a3 -85°t0 -55°| -75° 0°1050° |  35° 0°t050° | 35°
= oUB oDS
B 1 Max _S Max_H_F
20 .| Currently Acceptable Currently
‘: o Acceptable margin allocated margin allocated |
By 0.25 [
L o1 | e | o | + | |
31.=_ -
£ I
!- o . .
£ | C. Power consumption analysis
I s iz o ¥ i T4 In order to implement the control algorithm on the real

au:: Angle ms]“
Fig. 10. Phase succession for ten walking cycles (angular velocity
of Hip, Knee and ankle function of their corresponding angle

B. Control of the Robot speed and walk stability

Walking speed and stability is primary influenced by four
parameters: 9},’,@_ s affects the robot center of mass position,

Ot 11 5> Oviw% s and Ot o affect the step length

and body propulsion velocity. So with a simple variation of
those four reference angle values, the step length and hence
the walking speeds of the robot are controlled. The duration
of one complete walking cycle is about 1 sec. Fig. 7 shows
the robot mean speed variation with respect to upper body

inclination angle 9%7 5 - We can deduce that increasing this

latter one will contribute to higher walking speed. A limit for

robot ROBIAN, the technological limits of the actuators
should be taken into account. The motors used are from
Maxon manufacturer (the 90Watts RE35 is installed on the
three hip and one knee joints and the 150Watts RE40 is
installed on the two ankle ones). The power issued from
those motors should be within the real limits. The value of
the motor velocity reduction can be changed in order to
ensure that the maximum velocity and maximum torque for
each motor is under the values specified into the datasheet.
Fig. 11 plots the graphs of the motors zone of functionality.
All the motor specifications (velocity, torque and power) are
taken into consideration. Those graphs were evaluated at the
maximum walking speed of the robot in which case the
motors are stressed the most. Taking into account our



walking gait, the values of the torques (12 Nm at the hip, 8
Nm at knee and ankle) are sufficient.

Hip Motor (MAXON RE 35), Speed Reduction 1:150

Pér T
Fur ~
it e i = Thg
Advized Powsr
T~ 50 W
<
L
1FH ST
Torques [NM] :
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4 T
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10000 M~ g
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Fig. 11. Graphs of hip, knee, and ankle motors functionality under
the motor physical limits for one complete walking cycle.

IV. DISCUSSION AND CONCLUSION

We achieved our goal in making in simulation the
ROBIAN robot walk in 3D. We approached the human
walking angles without a lot of complexity in the control.
Also the feet land parallel to ground, the swinging leg will
have the foot moving as human in the beginning of the
swing phase. In passive swing phase, ankle motors were
controlled in order to keep the foot parallel to ground. In the
active swing phase, the foot was stabilized in this position in
order to hit the ground in a way so that the ground reaction
forces will be distributed equally on the five foot plots. In
order to approach the smoothness of human neuromuscular
commands, a muscle model created by Serhan et al. [28] is
added to ROBIAN low level control stage. This model is
based on a PID controller and a DC motor. Hence, it will be
easily integrated into our control diagram without making
any changes, neither to the underlying hardware system nor
to the high level control algorithm. Also this technique is not
very consuming in processing time (algorithm execution
time is about 8ms on a Pentium IV processor running at 3.0
Ghz with 1 GB RAM), so it could be implemented easily in
real-time. We are working now to validate our approach on
the real biped ROBIAN. A next work will concern the
control of transition between walking phase and stop phase.
In conclusion, the proposed approach, allows us to achieve
Robian dynamic walking similar to that of human.
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