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Actuated Dynamic Walking in a Seven-Link
Biped Robot
David J. Braun, Member, IEEE, Jason E. Mitchell, and Michael Goldfarb, Member, IEEE

Abstract—The authors have previously described a method for
enabling fully actuated biped walking without prescribing joint angle trajectories or imposing kinematic constraints between joints.
This method was hypothesized to offer a more natural-looking
bipedal gait and a higher locomotive efficiency relative to methods requiring accurate joint trajectory tracking. In this paper,
the authors present experimental evidence to support both hypotheses. Specifically, the authors describe the design of a sevenlink bipedal robot appropriate for the previously proposed control
method; present the implementation of the “nonkinematic” control approach on the biped robot; demonstrate (with data, photographic sequences, and video) the “relaxed” style of walking resulting from the control method; and experimentally characterize
the locomotive efficiency of the biped in terms of the mechanical
cost of transport. The latter results are compared to corresponding
measures reported elsewhere in the literature.
Index Terms—Actuated dynamic walking, biped robot, biped
walking, robot control and design.

I. INTRODUCTION
ANY approaches have been formulated for the control
of bipedal locomotion, see [1] for a recent review. One
of the best established of these is the zero-moment-point (ZMP)
approach, introduced by Vukobratović and Stepanenko [2], [3].
The ZMP approach ensures balance during walking by computing and tracking joint trajectories such that the sum of all
resultant forces on the biped can be reacted through the support polygon between the robot and ground. By utilizing this
approach, numerous methods have been proposed for walking control and stable pattern formation [4]–[6]. Application
of ZMP-based methods have been shown to provide effective,
robust, and versatile locomotion for biped robots [7]–[9]. However, such methods typically require accurate tracking of joint
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trajectories, which in turn require high joint output impedances.
This gives the robot the appearance of a “stiff” looking unnatural
gait, characterized by a low locomotive efficiency [10], relative
to humans. The former is due to the high joint output impedance
required to accurately track the joint angle trajectories (see [11]
for the related discussion, and possible resolution), and the latter
is presumably due to the fact that trajectory tracking requires a
reshaping of the inertial and gravitational dynamics of the robot,
which, in turn, can be energetically expensive. By contrast, humans (which are characterized by natural looking gait with high
locomotive efficiency) have been shown to leverage the natural
dynamics of their limbs when walking (e.g., [12]).
Rather than enforce joint trajectories via servocontrol, other
researchers have developed bipedal walking machines that
maintain a stable gait with a minimum amount of joint control authority. Specifically, fully passive dynamic walkers rely
on precisely tuned natural dynamics of the biped, and must walk
on a slight downward slope to be powered by gravity. Examples
of these types of walkers are described by [13]–[15]. Actuatorassisted dynamic walkers augment a nearly passive walker by
introducing a reduced set of actuators to overcome the energetic
losses associated with gait (i.e., the walkers need not descend
a slope) and to introduce some robustness to design parameter variation (via some form of feedback control). Examples of
actuator-assisted walkers are described in [16]–[18]. Such approaches are characterized by a low joint output impedance and
an improvement in locomotive efficiency, relative to joint trajectory tracking methods [10], [16]. Such approaches, however, are
typically underactuated, and thus, less capable and less robust
relative to fully actuated joint trajectory control approaches.
The authors have described in a recent paper a method for
enabling fully actuated biped robot walking without prescribing
joint angle trajectories or imposing kinematic constraints between joints [19], i.e., the described approach can be used to generate a stable limit cycle without prescribing or accurately tracking kinematic trajectories or enforcing kinematic constraints.
Instead, the described method utilizes state-dependent control
torques (generated by low-gain spring–damper couples) to provide coordination of the motion without specifying the response
of the system. The joint behavior is, therefore, characterized by
low output impedance, such that the motion of the biped results
from the combined influences of the prescribed joint torques and
the gravitational and inertial dynamics of the robot (as opposed
to being dictated via trajectory tracking).
Pratt et al. [20] also presented a method that need not override the natural dynamics of the biped (depending on the choice
of control parameters). However, unlike in [20], the method
incorporated herein relaxes all assumptions regarding robot
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configuration (i.e., feet need not be flat on the ground) imposes
state-dependent torques generated by low-gain spring–damper
couples, which are constructed as strictly passive functions with
fixed equilibrium points; references some of these torques to an
inertial reference frame and others to the internal robot frame;
and develops a model-based solution to transform the statedependent control torques to actuator joint torques.
It was hypothesized in [19] that, since the described approach incorporates rather than overrides the inertial characteristics of the robot and corresponding gravitational influences,
the resulting gait would offer improved energy efficiency and
a more “natural-looking” and “relaxed” appearance, relative to
approaches that require accurate joint trajectory tracking (which
are referred to herein as “kinematic” approaches). These hypotheses were supported in [19] with numerical simulations of
the walking controller on a seven-link biped robot with humanlike inertial and geometric properties.
This paper describes the design and construction of a sevenlink biped robot appropriate for implementation of the fully
actuated, nonkinematic walking approach (i.e., the approach requires backdrivable joints, such that power can flow from the
joint to the actuator, as well to from the actuator to the joint).
The description of the robot design is followed by a description of the implementation of the proposed controller on the
seven-link robot. Finally, experimental results and an accompanying video supplement demonstrate stable bipedal walking
synthesized with the proposed control method. The mechanical
cost of transport is characterized and compared to corresponding efficiency measures reported for other biped robots in the
literature.
II. MODEL OF THE BIPED
A brief overview of the control framework proposed in [19] is
presented here to describe the control law for the nonkinematic
walking method, to define controller parameters for the experimental implementation, and to motivate the real-time sensing
requirements for the biped robot design.
Since the control method is model-based, we first introduce
the biped model. Fig. 1 presents the geometric structure of the
seven-link robot. The configuration of the biped is defined with
nine coordinates, q = [x, y, θ, θ1 , θ2 , θ3 , θ4 , θ5 , θ6 ]T , where
the first two coordinates represent the translational motion of
the robot in the inertial frame, while the last seven angular
coordinates reference the orientation of the links with respect
to the inertial frame. In order to support the forthcoming
analysis, we will also define the joint angles (relative angles
between the links) as: ϕ = [ϕ1 , ϕ2 , ϕ3 , ϕ4 , ϕ5 , ϕ6 ]T = [θ1 −
θ, θ2 − θ1 , θ3 − θ2 + π/2, θ4 − θ, θ5 − θ4 , θ6 − θ5 + π/2]T .
The biped is actuated at each joint (i.e., right and left hip,
knee, and ankle joints), such that the dynamics of the robot are
affected by six actuator torques, u = [u1 , u2 , u3 , u4 , u5 , u6 ]T ,
which are considered positive in the same (counterclockwise)
direction as the joint angles.
In the following, we consider the biped to be a constrained
mechanical system [21]. By means of this framework, the model
of the biped can be represented with a constrained equation of

Fig. 1. Seven-link biped with the absolute coordinates q and the control
torques u. The Cartesian coordinates (xi , y i ), i ∈ {1, 2, 3, 4}, represent the
position of the toe and the heel for the left and right leg.

motion in every motion phase [19]. In the present paper, we will
only present the basic elements of such a model which provides
the necessary information for the closed-loop control design.
These elements are the differential equations of the flight phase
motion, and the (algebraic and differential) relations which define the kinematic (physical) constraints during the motion.
A. Unconstrained Dynamics
The equations of motion for the 9-DoF (unconstrained) “flying” biped, can be written as
M(q)q̈ + h(q, q̇) + G(q) = Qu

(1)

where M ∈ 9×9 is a symmetric and positive definite mass
matrix, h ∈ 9 represents the inertial forces, G ∈ 9 represents
the gravitational forces, while Qu = Eu is a generalized control
force computed using a constant matrix E ∈ 9×6 which maps
the control inputs u ∈ 6 to the generalized control force space.
B. Kinematic Constraints
For the biped in Fig. 1, neither foot can penetrate the ground,
the knee joints cannot extend beyond the fully straight position,
and both feet are assumed not to slide when in contact with
the ground. Since each toe and heel is independently characterized by nonpenetration and nonslip with the ground, the flight
phase dynamics (1) can be subject to the following kinematic
(physical) constraints:
⎡ ⎤
y1
⎡ ⎤
ẋ1
⎢ y2 ⎥
⎢ ⎥
⎢ y3 ⎥
⎢ ẋ2 ⎥
Φn (q, q̇) = ⎣ ⎦ = 0
Φh (q) = ⎢ ⎥ = 0,
(2)
ẋ3
⎢ y4 ⎥
⎣ ⎦
ϕ2
ẋ4
ϕ5
where (xi , yi ), i ∈ {1, 2, 3, 4} are the toe and heel coordinates
(see Fig. 1), while ϕ2 = θ2 − θ1 and ϕ5 = θ5 − θ4 are the relative angles at the knee joint. Instead of using (2) directly, the
controller requires only the following information:
A(q) = [(∂Φh /∂q)T , (∂Φn /∂ q̇)T ]T .

(3)
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where φ = [θ, θ1 , ϕ2 , ϕ3 , θ4 , ϕ5 , ϕ6 ]T is obtained by position
feedback, φ̇ is known from the corresponding velocity feedback, while the control parameters concatenated in the stiffness
matrix,
⎤
⎡
0
0
0
0
0
0
0
0
0
0
0
0
0 ⎥
⎢ 0
⎥
⎢
0
0
0
0
0
0 ⎥
⎢ kd
⎥
⎢
0
0
0
0 ⎥
⎢ 0 kd1 −kd2
⎥
⎢
0
0
0 ⎥
0
kd2 −kd3
Kd = ⎢ 0
⎥
⎢
0
0
0 ⎥
0
0
kd3
⎢ 0
⎥
⎢
0 ⎥
0
0
0
kd4 −kd5
⎢ 0
⎦
⎣
0
0
0
0
0
kd5 −kd6
0
0
0
0
0
0
kd6
Fig. 2. (a) Control elements and the control parameters on a seven-link
robot. (b) Configuration-based switching logic with the four separate states:
S1—stance, S2—push-off, S3—swing, and S4—late swing. The particular
state flow, S1 → S2 → S3 → S4 → S1 . . ., together with the corresponding
switching events, which correspond to normal walking, is indicated with dashed
lines.

Depending on the configuration of the robot, the constraints
concatenated in (2) and (3) are active when they restrict the
motion and inactive when they do not. In order to ensure that
A only contains the active constraints, the configuration of the
robot is monitored through the motion to identify and eliminate
the inactive constraints by zeroing the corresponding row in (3).
The constraint matrix obtained in this way carries the kinematic
information from the configuration of the biped for use in the
control law.
III. CONTROL APPROACH
In this section, we recall the basic elements of the control
law for actuated dynamic walking recently developed by the
authors [19]. The control approach can be considered in two
parts. First, low-impedance generalized forces are prescribed
to encourage a walking pattern, and second these generalized
forces are mapped to joint torques as described in Section III-B.
A. Generalized Control Forces
In order to generate patterned movement without requiring
accurate trajectory tracking or imposing kinematic constraints
(such as symmetry), the seven link robot is provided with seven
control elements which are spring–damper couples with fixed
equilibrium points (see Fig. 2). Each control element is characterized by three control parameters: a stiffness constant, a
damping constant, and an equilibrium angle. These parameters are changed as piecewise constant functions through four
separate states as the biped walks, using a configuration-based
switching controller.
1) Computing the Generalized Control Forces: For a given
set of control parameters, the desired generalized control force
is computed as
Qd = −Kd (φ − φd ) − Bd φ̇

(4)

damping matrix,
⎡
0
⎢0
⎢
⎢ bd
⎢
⎢0
⎢
Bd = ⎢ 0
⎢
⎢0
⎢
⎢0
⎣
0
0

0
0
0
bd1
0
0
0
0
0

0
0
0
−bd2
bd2
0
0
0
0

0
0
0
0
−bd3
bd3
0
0
0

0
0
0
0
0
0
bd4
0
0

0
0
0
0
0
0
−bd5
bd5
0

⎤
0
0 ⎥
⎥
0 ⎥
⎥
0 ⎥
⎥
0 ⎥
⎥
0 ⎥
⎥
0 ⎥
⎦
−bd6
bd6

and the equilibrium angles φd = [θd , θd1 , 0, ϕd3 , θd4 , 0, ϕd6 ]T
are assigned by the configuration-based switching controller as
discussed in the next two sections.
Before we proceed further, let us point out that while (4)
has the same form as a usual PD control law, the philosophy
and the application of (4) are entirely different. Specifically, we
use piecewise constant (fixed) equilibrium angles φd instead of
tracking a predefined desired trajectory φd = φd (t). While this
difference may not seem crucial, one can recognize that contrary
to the precise trajectory tracking that requires high-gain PD control, the fixed angular references (see Fig. 2) make high gains
not well suited to walking control. Accordingly, utilization of
low control gains is not only a preference to generate compliant
motion, but also a requirement for stable gait synthesis. An alternative compliant motor control strategy for anthropomorphic
robots was recently proposed in [22].
2) State-Dependent Control: In order to achieve a walking
motion, the control parameters are selected depending on the
configuration of the robot. In this light, we define four separate
states for each leg depending on whether the toe and/or the heel
touch the ground and whether the leg is fully extended at the
knee joint (see Fig. 2). In each state, the logic assigns three
control parameters for each of the seven control elements from
a set of user-defined desired parameters. Parameter selection
can be guided as follows.
3) Generalized Force Parameter Selection: During walking,
one of the primary objectives is to keep the upper body in an
upright vertical position. Utilizing the control elements which
act between the body and the inertial reference frame, one can
set the stiffness parameter and the equilibrium angle to provide
a near upright position for the body, and then use the associated
damping parameter to influence the body dynamics. A similar
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idea can be used to generate leg oscillation (with respect to a
fixed inertial reference) by using the control elements attached to
the thigh. Specifically, in swing, a low stiffness and low damping
element pulls the leg towards a fixed hip flexion configuration
(specified with an equilibrium angle), while in the stance phase,
a higher stiffness and higher damping is assigned to the same
control element which encourages the stance leg to move towards a fixed hip extension angular configuration. The knee
stiffness and damping is also modulated, by using a relatively
high value in stance (to support the body with the help of the
knee hyperextension stop), and employing only slight damping
during swing phase to generate (partially) ballistic swing. Ankle impedance parameters are tuned by mimicking the strategy
taken by humans. Accordingly, the ankle stiffness is used to accumulate elastic energy from middle stance phase and to deliver
energy by altering the equilibrium angle during push-off. The
main control parameter at the swinging ankle is an equilibrium
point which should be adjusted to provide slight dorsiflexion, to
avoid stumbling and scuffing during swing.
B. Actuator Torques
The control influences specified by Qd cannot be directly
imparted to the walking robot. Rather, the robot can only be
effected by the joint torques, u. The control approach described
herein computes the joint torque vector u that provides either the
same motion that would result from the generalized force vector
Qd , or if the same motion is not possible, the approach computes
the joint torque vector that minimizes the acceleration energy
between the desired and the realizable motion. This solution is
given as follows.
Since we are interested in control of the constrained motion,
let us recall here the acceleration component of the constrained
motion generated by the desired generalized control forces
q̈d = R−1 NR−T Qd

(5)

where R is the upper triangular Cholesky factorization of the
mass matrix M = RT R (where M is defined in (1)), N =
I − (AR−1 )+ (AR−1 ) is the null-space projection operator of
the inertially weighted constraint matrix (where A is defined by
(3)). Using the above relation, one can also define the constraint
consistent accelerations generated with the actuator torques
q̈u = R−1 NR−T Eu.

(6)

Following the main objective q̈d = q̈u , one could equate (5)
and (6) and solve the corresponding linear equation for u. Depending on the constraint configuration of the robot however,
this solution may not exist (in cases when the robot is underactuated, for example, in flying phase or if only one toe or one
heel is contacting the ground). In order to obtain an approximate solution even when the robot is underactuated, we propose
not to solve u from q̈d = q̈u directly, but rather to define a
solution which minimizes the acceleration energy between the
desired and the real motion (q̈d − q̈u )T M(q̈d − q̈u ) → min.
The particular solution to this problem is given with
u = (NR−T E)+ NR−T Qd

(7)

where (∗)+ is a Moore-Penrose generalized inverse (pseudoinverse) of (∗) [23]. Note that whenever the control computation
is redundant, (7) provides a solution by also minimizing the
squared Euclidean norm of the joint torques [19], [24].
Let us point out here that (7) defines a full-body control law
where each joint torque depends on the motion of the robot.
It is also important to recognize that no inverse dynamics is
performed to cancel the gravitational and inertial forces along
the motion and enforce a predefined reference trajectory on the
system. Instead, the natural (inertial and gravitational) dynamics
of the robot are allowed to substantially influence the motion
of the biped, which is synthesized using low-impedance joint
torques which encourage but do not dictate patterned motion.
As subsequently demonstrated, the described approach allows
emulation of a human-like walking of a seven-link biped robot.
IV. SEVEN-LINK BIPED ROBOT DESIGN
The fully actuated, nonkinematic walking approach described
by (4) and (7) was implemented on a seven-link biped robot.
In order to avoid suppression of the inertial and gravitational
dynamics of the biped, the robot was designed with low-output
impedance (i.e., backdrivable) joints, such that power could flow
relatively unimpeded through the biped joints from the actuators
to the environment, and from the environment to back to the actuators. The resulting biped robot, shown in Fig. 3, is 1.2 m tall
and has a total mass of 14.3 kg. The geometric parameters and
mass distribution of the robot are given in Table I. The seven
links of the robot are the upper body and right and left thigh,
shank, and foot segments, respectively. The robot incorporates
six joint actuators, which are right and left hip, knee, and ankle
actuators, respectively. The biped is constrained to walk in a
circular path of 1.6 m radius by a mechanical tether attached at
the hip joint, as shown in Fig. 9 and in the video supplement.
Note that a set of ball bearings between the mechanical tether
and the robot prevents any significant moment from being transferred from the tether to the robot in the plane of walking. Let
us also mention that, as shown in Fig. 9, the mechanical tether
is loosely connected to a vertical mast through a slack cable.
The cable does not contribute any support forces to the robot
while walking, but rather will prevent the robot from collapsing
fully in the case that the robot trips or stumbles. Finally, note
that the mechanical tether is used only to constrain the motion
of the robot to the plane, but is neither instrumented nor used to
provide a rotational position reference for measuring body orientation. In the following sections, we discuss joint actuation,
foot design, upper body characteristics, and the sensory system
implemented for walking control [25].
A. Upper Body
The upper body of the robot carries 4.54 kg (10 lb) of weights,
distanced 0.2 m from the hip joint (see Fig. 3), which provide
an inertial approximation of a head, arms, and trunk. The body
includes a single-axis gyroscope (Analog Devices, ADXR150),
which directly measures its sagittal plane angular velocity with
respect to the inertial reference frame. The sensor is characterized with ±150◦/s measurement range and a noise density
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Fig. 3. (Left) Experimental prototype of the seven-link dynamic walker developed at Vanderbilt University, Center for Intelligent Mechatronics. (Right)
CAD model, side view of the seven-link biped. The values for the model parameters are reported in Table I; specifically, the table lists the geometric parameters, the link masses m, m 1 , m 2 , m 3 , link moments of inertias for the
center of mass Jc , Jc 1 , Jc 2 , Jc 3 ; actuator masses m a 1 , m a 2 , m a 3 , actuator
moments of inertias Ja 1 , Ja 2 , Ja 3 , the gear ratios on the reducers on the joints
n 1 : 1, n 2 : 1, n 3 : 1, and the experimentally identified joint level linear viscous damping constant b1 , b2 , b3 .
TABLE I
GEOMETRIC AND INERTIAL PARAMETERS OF THE ROBOT DEPICTED IN FIG. 3
WITH TOTAL MASS OF M = 14.3 KG AND HEIGHT OF L = 1.2m

Fig. 4. (Top) Knee joint on the robot, side and frontal views. (Bottom) CAD
model—exploded view of the knee joint: 1) encoder; 2) actuation unit—motor
and the gearhead; 3) inner bearing housing; 4) lower leg; 5) Teflon sleeve
bearing; 6) hard stop at full knee extension; 7) upper leg; 8) external bearing
housing; 9) elastic coupling; 10) connecting element.

C. Sensing

√
of 0.05◦ /s/ Hz. In order to reduce the noise level, the analog
signal is filtered with a first-order low-pass filter with a 50-Hz
roll-off frequency.
B. Actuation
All joint actuation units consist of the same essential structure, with slight modifications in gear ratio and range of motion.
A representative joint actuation unit (for the knee) is shown in
Fig. 4. Each unit consists of a 150 W brushed dc motor (Maxon
RE40), which drives the respective joint through a low gear ratio
planetary reducer (Maxon GP42C), specifically 21:1, 12:1, and
21:1 for the hip, knee, and ankle units, respectively. The relatively low gear ratio provides sufficient joint torque, while also
providing highly backdrivable joint behavior. Demonstration of
the passive joint behavior is shown in Fig. 6 and also shown in
the supplemental video that accompanies this paper.

The control method (4) and (7) requires knowledge of the
postural configuration and constraint condition of the biped. The
related information (i.e., rotational coordinates, toe and/or heel
contact for each foot and knowledge of full knee extension) are
provided by a combination of six joint encoders (one integrated
into each joint motor), a MEMS gyroscope mounted on the
upper body segment, and force sensing resistors integrated into
each foot, as discussed in the following sections.
1) Joint Encoders: Each joint includes an incremental
quadrature encoder (Maxon, ENC-MR-L-1024CPT) mounted
onto each joint motor (see Fig. 4). The reference position for
each of the six encoders is identified in a static stance phase
during initialization using two accelerometers (Analog Devices,
ADXL203) located on the upper body and the upper right leg,
which detect alignment of these links with the gravity vector.
The remaining link angles are aligned at initialization using the
knee hyperextension stops, and assuming the floor is perpendicular to the gravity vector. The implemented sensors provide an
accurate joint angle, ϕ, measurement which can be characterized with an encoder resolution of 4.2◦ × 10−3 at the hip and
ankle joints and 7.3◦ × 10−3 for the knee joints.
2) Foot Design and the Foot Sensors: Each foot is constructed from ABS plastic and instrumented with four force
sensing resistors (Interlink, 402 FSR), two on each toe and heel.
These sensors are located between the underside of the foot
and a thin foot plate made from spring steel (see Fig. 5). When
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less DoFs, and the absolute angular orientation for the upper
body can be calculated using the six encoder measurements ϕ
formally stated as
θ = θ(ϕ).

Fig. 5. (Left) CAD model—exploded view of the foot: 1) FSR sensor; 2) foot
plate; 3) sensor touch pad; 4) rubber foot contact-pad. (Right) Foot of the robot.

the toe and/or heel touches the ground, the circular rubber pad
(located on the foot plate) imparts the resulting force to the
foot sensors. The corresponding signal serves to identify the
contact configuration between the foot and the ground. Near to
the toe and the heel (which are the expected contact areas), the
foot-plate is supplemented with silicon rubber pads with high
frictional properties, good abrasive durability and appropriate
shock absorbing capability. In the proposed control implementation, measurements of the contact forces or moments are not
required. As such, the feet are not equipped with load cells.
V. CONTROLLER PARAMETERIZATION AND IMPLEMENTATION
In the following, we discuss the implementation of the walking controller. Specifically, we discuss: 1) measurement of generalized coordinate vector required to implement (4) and (7);
2) parameterization of the model for the implementation of (7);
3) experimental validation of the model parameters; and 4) selection of the desired generalized control forces required for the
implementation of (4).
A. Measurement of Generalized Coordinates
In the control laws (4) and (7), we utilize both the joint angles ϕ (which are measured by encoders), and also absolute
link angles θ = [θ, θ1 , θ2 , θ3 , θ4 , θ5 , θ6 ]T . Although the absolute orientations are not measured directly, they can be calculated by θ = [θ, θ + ϕ1 , θ + ϕ1 + ϕ2 , θ + ϕ1 + ϕ2 + ϕ3 −
π/2, θ + ϕ4 , θ + ϕ4 + ϕ5 , θ + ϕ4 + ϕ5 + ϕ6 − π/2]T if the
upper body angle θ is provided. Accordingly, in the following
discussion, we will only describe how to compute θ. Once the
angular configuration is known, the velocity information is obtained by numerical differentiation. Note that the angle θ could
be measured by introducing an angular position sensor between
the mechanical tether and the robot; such an implementation,
however, would not be realizable once the mechanical tether
is removed, and thus the authors chose instead to implement
measurement of the upper body angle in a manner that would
translate directly to generalized (i.e., 3-D) walking.
1) Computing the Absolute Orientation of the Upper Body:
Whenever the robot is not underactuated (at least one foot is
flat on the ground or, either the backward toe or heel and the
forward toe or heel is on the ground), the system has 6 or

(8)

The related kinematic computation is performed exactly if either of the feet touches the ground in two contact points. Otherwise, if the foot touches the ground in three or more contacting
points, the upper body angle is solved in a least squares sense
to accommodate the kinematic redundancy and mitigate slight
measurement errors.
2) Estimating the Absolute Orientation: There are two cases
when (8) cannot be applied: if the robot moves through an
underactuated configuration (i.e., flight phase or if only one
toe or one heel is contacting the ground), or if (8) is singular or
nearly singular. Under these conditions, we utilize the gyroscope
located on the upper body to directly provide the angular velocity
of the upper body, θ̇ = θ̇g , and estimate the absolute orientation
of the upper body θ by
 t
(9)
θ̇g (τ )dτ
θ = θ(t0 ) +
t0

where t ∈ [t0 , t1 ), t0 is the time instant starting from which (8)
cannot be used, while t1 is the time when (8) can again be used
reliably. The interval [t0 , t1 ) for which the integration is performed is expected to be short (at most 10% of the step duration),
such that the integration drift was not an implementation issue.
Instead of employing the presented strategy, a sophisticated inertial measurement unit could also be used to directly provide
the upper body velocity and angle continuously in time [26].
Concatenation of (8) and (9) allows reconstruction of the
angular motion of the robot in the inertial frame, θ. Note that
switching between the two computational schemes could induce
discontinuities on position and also on the velocity signals; however, such discontinuities were avoided in the implementation
here by numerically blending the two solutions in a short time
window after the switching instant.
B. Model Parameterization and Validation
In order to compute (7), the model parameters E, A, and M
are required. The constant matrix E is known by the actuator
arrangement on the robot. The geometric and inertial parameters
for each link of the robot (see Table I) were used to compute A
and M, and were estimated by a combination of physical measurements and numerical calculation from the CAD model. The
following experiments and simulations were performed with
these model parameters.
1) Demonstrating Backdrivability Via Free Swing Experiments: In order to demonstrate backdrivability of the joints
(and validate parameter estimation), unactuated experiments
were conducted by releasing a given link from a nonvertical
initial position, and matching the unforced experimental response with a model-based simulation. The resulting responses
for both the experiments and simulations are depicted in Fig. 6,
demonstrate that the joints are highly backdrivable. Also, the
close match between the experimental and the simulation data
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Fig. 6. Free swing experiments, which characterize the passive (uncontrolled)
dynamics of the hip and the knee joint. The motion of the device is depicted with
(black) solid line, while the simulated response is plotted with dashed (blue)
lines. The difference in the low velocity area is mainly due to the Coulomb
friction and the cabling which is neglected in the simulations, (the asymmetric effect of the cabling can be seen in the knee response). In order to show
the difference between a backdrivable actuator unit utilized here, and a usual
highly geared joint design, the dotted (gray) lines depict the model prediction of
corresponding motion the robot would have with 105:1 and 60:1 gear ratio on
the hip and knee respectively. Due to the low inertia of the foot, a similar free
swing experiment is recognized not well suited to characterize the dynamics of
the ankle joint, and as such is not conducted here.

validates parameter estimation. A video corresponding to the
figure is included in the supplemental material.
2) Parameter Validation Via PD Control Experiments: In
order to further validate model parameter estimates, a forced
response experiment was conducted, using a low-gain PD controller with a periodically modulated equilibrium point. The
experimental response and the model prediction are both depicted in Fig. 7, while the corresponding video is given in the
supplemental material. Note that using low-gain PD control allows us to validate both the implementation of the actuator unit
and the model parameters, namely, the response of the system
in this case is not fully prescribed by the control force but rather
substantially influenced by the natural dynamics of the robot.
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Fig. 7. Low-gain PD control experiment. Solid line (black) represents
the motion of the device, while the dashed line (blue) is the corresponding
model response. The experiment is performed by applying a control torque
vector u = −K d (ϕ − ϕd ) − B d ϕ̇, K d = [2, 1.5, 1, 0, 0, 0]T , B d =
[0.2, 0.2, 0.1, 0, 0, 0]T , ϕd = [(π/3)sin(1.5πt) + π/20, (π/6)sin(3πt −
π/2) − π/2, (π/6)sin(6πt) + π/6]T .
TABLE II
CONTROLLER PARAMETERS: k d () [N·m], bd () [N·m·s], θd () [IN DEGREES];
S1—STANCE, S2—PUSH-OFF, S3—SWING, S4—LATE SWING (SEE FIG. 2)

C. Selection of the Control Parameters
As proposed in [19], the state-dependent generalized control force vector depends on user-defined control parameters.
As noted in that paper, some type of automated (optimization
based) procedure could be formulated to select the control parameters, although such an approach is nontrivial, given the
complex, high dimensional, nonlinear, and nonsmooth nature of
the problem. However, the parameters (i.e., stiffness, damping,
and an equilibrium point) have a clear and direct physical interpretation, and based on the authors experience, these parameters
can be determined using the guidance described previously in
Section III-A3. Using such guidance, the parameters were initially tuned in a numerical simulation of the biped (such as that
described in [19]), and subsequently, iteratively tuned during

experimental implementation to provide a stable, yet “relaxed”
gait cycle. The resulting parameter sets are listed in Table II.
The simulation and experimental results (presented in
Section VI) are similar, but not exact enough to allow direct
transfer of the control parameters without tuning. Probably the
most significant difference between the two is that the experimental robot walked in a circle of a fairly small diameter, which
introduced 1) considerable energy loss in turning the feet while
on the ground, and 2) a mechanical boom which can significantly alter the dynamics of the system. Due to these reasons,
and the fact that no reference trajectory is used to enforce a
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Fig. 8. Actuated dynamic walking—angular data and joint torques. Black/blue (full/dashed) lines depict the motion of the right/left leg. (During the experiment,
a small positive constant torque was applied to the knees at single support when locked, which sets a threshold for them to go unlocked.)

desired common motion between the two systems, comparison
between simulation and experimental results is recognized not
to provide additional insight.
VI. IMPLEMENTATION OF THE WALKING CONTROLLER
The controller [see (4) and (7)] with the parameters listed in
Tables I and II was implemented on the previously described
seven-link biped robot with the real-time environment provided
by MATLAB Real-Time Workshop. Note that computation of
A(θ) and M(θ) requires only the angular configuration of the
robot (i.e., computation of (x, y) is not required). Computation
implementation of the control law (7) required two standard routines, Cholesky factorization and pseudoinversion, and ran on
an Intel Core 2 Quad 2.4-GHz desktop computer at a sampling
rate of 1000 Hz.
The walking that resulted from the control parameter set
Table II is shown in the data (see Fig. 8), the frame sequence
shown in Fig. 9, and in the supplemental video that accompanies this paper. The resultant walking is characterized with
an average forward speed of vavg ≈ 0.5 m/s, an average step
length of Lstep ≈ 0.5 m, and an average stepping frequency of
fstep ≈ 1 Hz.
The presented robot walks with extended knee stance support
similar to that realized on passive and actuator assisted dynamic
walkers [13], [16], [17]. While such a motion style is recognized to be (energetically) beneficial compared to a usual bent
knee robot walking, it is also known to be different than human walking [18]. Like humans, however, our biped has a flat
foot and actuated ankles which is employed in a recognizable,

human-like way during the walking motion. Specifically, the
robot utilized a characteristic rolling foot double-support phase,
and a preemptive ankle push-off to propel itself forward. This
preemptive ankle push-off, frequently attributed as foot rotation,
is known to be utilized by humans, [27], its energetic benefit theoretically justified in [28], and numerically demonstrated during
walking and running in [6], [29], and [30]. The extended knee
(compass-like) gait leads us to assume that the vertical ground
reaction force for our robot resembles a bell shape profile known
for passive (point foot) dynamic walking. Due to the human-like
ankle actuation, however, such force profile may also contain
spikes from a characteristic M-shape profile known for natural
human walking [31], [32].
As previously mentioned, the proposed nonkinematic control method was hypothesized to provide improved walking
efficiency relative to approaches that require accurate joint
trajectory tracking, and was also hypothesized to provide a
more “relaxed and natural looking” gait. Regarding the former,
the mechanical cost of transport (as proposed in [33]), cmt =
|mechanical energy|/(weight× distance traveled), was measured
to be cmt ≈ 0.31. By comparison, Collins et al.. [16] estimated that the actuator assisted Cornell biped has a cmt ≈ 0.055
(similar to the estimate for humans), while the fully actuated,
ZMP-based Honda Asimo robot was estimated (in [16]) to be
cmt ≈ 1.6. Although these numbers cannot be used to directly
compare the three robots (due to the lack of dynamic similarity, total number of degrees of freedom, and level of autonomy), they support the hypothesis that nonkinematic control
approaches can provide improved locomotive efficiency, relative to approaches that utilize accurate joint trajectory tracking.
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Fig. 9. Actuated dynamic walking—frame sequence extracted from the experimental video. The motion frame marked with dashed white line depicts the
preemptive ankle push phase when only the toe on the rear foot is on the ground.

The present force level (spring-like) control does not enforce
but only encourages the motion of the biped. Such motion results
from the combined influences of the prescribed joint torques and
the gravitational and inertial dynamics of the robot (as opposed
to being dictated via trajectory tracking). This allowed us to realize a bipedal locomotion where the motion of the robot is not
predefined but instead is established by the controlled system itself autonomously. As predicted by the second hypothesis, such
a nonkinematic walking approach demonstrated herein appears
more relaxed and natural than usual approaches that require
accurate joint trajectory tracking. However, the notion of “relaxed” or “natural looking” walking is not easily quantitatively
assessed. That being said, it is left to the reader to view the
supplemental video of walking that accompanies this paper to
provide an independent assessment.
VII. CONCLUSION
The authors have previously presented a “nonkinematic”
walking controller (i.e., one that does not prescribe joint trajectories, does not impose kinematic constraints between joints or
require symmetry of motion, and does not require accurate joint
trajectory tracking), and had in a previous publication hypothesized and shown via numerical simulation that the proposed
walking controller would offer improved walking efficiency and
a more natural-looking gait. In this paper, the authors described
the design of a seven-link biped robot appropriate for implementation of the nonkinematic controller, and describe the implementation of the nonkinematic controller on this robot. The

authors present experimental results that support the previously
made hypotheses that the controller provides improved locomotive efficiency and a more natural-looking walk relative to
control approaches requiring accurate trajectory tracking.
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