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Abstract— In this paper we propose a method to perform
manual guidance with humanoid robots. Manual guidance is a
general model of physical interaction: here we focus on guiding
a humanoid by its hands. The proposed technique can be,
however, used also for joint object transportation and other
tasks implying human-humanoid physical interaction. Using a
measure of the Instantaneous Capture Point, we develop an
equilibrium-based interaction technique that does not require
force/torque or vision sensors. It is, therefore, particularly
suitable for low-cost humanoids and toys. The proposed method
has been experimentally validated on the small humanoid NAO.

I. INTRODUCTION

Physical Human-Robot interaction (pHRi) is attracting an
increasing interest in robotics research with a consequent fast
progress in both methodological and technological aspects.
Most of the results, however, deal with robotic manipulators
and their application to humanoids is either not direct or
poorly effective because they do not exploit the specificities
of these robotics related to their mobility system. In addition,
for cost reasons, most humanoids are not equipped with the
sensors commonly used in physical interaction, like, e.g.,
force sensors.

In this work we propose a technique for guiding hu-
manoids toward desired walking directions with a specified
speed via physical interaction. The distinctive feature of the
proposed method resides in the absence of any requirement
to use force/torque sensors to measure the interaction forces.
The considered physical interaction, herein referred to as
manual guidance, includes both simple hand-in-hand guid-
ance (see Fig. 1) and joint object transportation. Here we
focus on hand-in-hand guidance.

One of the first examples of this kind of physical interac-
tion is represented by [1] in which the hand-in-hand guidance
of the WABIAN humanoid is obtained by monitoring the
robot hand position. An impedance controller for joint object
transportation with an HRP-2 robot is presented in [2].
A similar method, extended with an appropriate footstep
planner, has been proposed and validated on the same robot
in [3], while a strategy based on impedance control and a
Finite State Machine was proposed in [4] and experimented
on a HRP-2 robot.

In the above cited methods the direction of motion is
controlled using either the position of the hand (as in [1]),
and thus limiting the application of the method to physical
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Fig. 1. Hand-in-hand manual guidance of NAO.

interaction through the hands, or the measurements from
the force sensors on the wrists. The standard equipment of
humanoids, however, rarely include the presence of force
sensors at the wrists to limit the complexity and the cost
of the platform. Developing minimal sensing approaches to
physical interaction would at the same time overcome this
problem and lay the basis for the exploration of new method-
ologies for pHRi especially suited to humanoid robots. The
same minimal sensing spirit is behind the interaction behav-
ior obtained with the Acroban robot in [5] which, however,
relies on the dynamic peculiarities of that specific robot.

In this paper we introduce a new equilibrium-based tech-
nique that uses the perceived perturbation of the Instanta-
neous Capture Point (ICP) as a measure of the effect that
the interaction force produces on the robot equilibrium. The
concept of capture point was introduced in [6] for push
recovery and subsequently shown to be effective also for
walking control [7], [8], [9].

The interaction technique proposed here is based on the
simple observation that when manually guiding a humanoid,
the human is supposed to push or pull it toward some
intended direction of motion. This interaction force acts as
a disturbance on the humanoid Center of Mass (CoM). In
particular, the position of the ICP, which depends on CoM
position and velocity, moves in the same direction of the
force applied by the human. The desired manual guidance is
obtained by commanding the robot to walk toward the ICP
to maintain the desired equilibrium.

With the proposed method the interaction is not limited
to contacts with hands but the application of a force on
any part of the humanoid body producing a perturbation



on the ICP can be used to guide the robot walking. The
CoM position and velocity are determined using the onboard
Inertial Measurement Unit (IMU), always included in the
standard sensory equipment, and modeling the robot as a 3D-
LIP. To isolate the contribution of the interaction force to the
ICP motion, it is necessary to filter out the oscillation due to
the walking gait from the CoM position and velocity signals.
This oscillation, also known as sway motion, represents a
known quasi-periodic disturbance and is filtered through low-
pass filters.

The proposed technique has been validated on the small
humanoid NAO. Due to the lack of force/torque sensors (ex-
cept for those under the feet, not used in our approach), NAO
is a good platform to show how minimal are the requirements
of our method. To keep the method as general as possible,
the desired walking velocity is commanded to NAO through
its high level locomotion API: any humanoid platform on
which similar high-level commands could be executed will
be immediately able to perform manual guidance using the
proposed approach.

The paper is organized as follows: Section II illustrates
the interaction model on which the proposed method relies.
Section III presents the concepts behind our walking con-
troller and its practical implementation. Experimental results
obtained by applying a constant force to the humanoid NAO
and by pulling and pushing it through its hands are presented
in Section IV. Finally Section V concludes the paper and
draws the lines of future research paths.

II. INTERACTION MODEL

The scenario considered in this paper is depicted in Fig. 1
showing a human guiding the robot NAO by pushing or
pulling it through its hands. To simplify the analysis we
model the position controlled humanoid NAO as a 3D-LIP
with actuated ankle as shown in Fig. 2.
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Fig. 2. The 3D-LIPM used to approximate the dynamics of NAO.

The mass m of the pendulum moves under the action
of the torques τx, τy applied at the pivot joint and the
gravity. The mass is assumed to move on a plane at an

Fig. 3. Experimental setup used to evaluate the effect of a constant force.

height held constant by the prismatic joint on the pendulum
axis. The position of the CoM is expressed by the vector
(xc, yc, zc)

T , with zc a constant. The force due to the
interaction is modeled as an external force f acting on the
mass m.

The CoM dynamics of the 3D-LIP in the x and y com-
ponent are decoupled and can be described by the same
formal equation. Therefore, there is no loss of completeness
in analyzing only the dynamics in the x component of the
motion which can be written as

ẍc = ω2xc +
1

mzc
τy +

fx
m
, (1)

where ω =
√
g/zc, g is the gravitational acceleration and fx

is the x component of the external force.
Given the dynamics of the 3D-LIP in eq. (1), the Zero Mo-

ment Point (ZMP) xz and the ICP xicp can be expressed [9],
[6] as

xz = xc −
1

ω2
ẍc (2)

xicp = xc +
1

ω
ẋc (3)

where (xc, ẋc) is the state of the LIP. In (1) fx is a
disturbance while τy is an input ankle torque. In order to
represent NAO’s intrinsic posture control, we use τy as a
control input which stabilizes the state around the origin of
the CoM state space, corresponding to the vertical position
of the CoM with null velocity. For example using a simple
PD, which for the case considered is equivalent to a state
feedback,

τy = −kpxc − kdẋc (4)

the closed-loop system is given by

ẍc = −
(
kp
mzc

− ω2

)
xc −

kd
mzc

ẋc +
fx
m
. (5)

This is the humanoid model with a built-in low-level control
system. We need to analyze the effect that the force fx due
to the interaction has on the equilibrium of this closed-loop
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Fig. 4. Effect of an external step force on the robot equilibrium: xc.

system. The most natural candidate to equilibrium indicator
are xz and xicp. The transfer functions from the interaction
force to each of these outputs are:

Fz(s) =
xz(s)

fx(s)
= − s2 − ω2

mω2[s2 + sk′d − (ω2 − k′p)]
(6)

Ficp(s) =
xicp(s)

fx(s)
=

s+ ω

mω[s2 + sk′d − (ω2 − k′p)]
(7)

where k′p = kp/mzc and k′d = kd/mzc.
In order to evaluate how well this model matches the real

NAO, we performed a step response experiment with respect
to the disturbance fx. The basic experimental setup is shown
in Fig. 3: a mass of about 1 Kg has been attached to the
robot through a pulley system. With this applied force the
robot feet remain in contact with the ground and the adopted
interaction model is valid.

The application of this external force perturbs the position
of all the three points xc, xz and xicp and the system
converges to a new forced equilibrium. The measured CoM,
ICP and ZMP are shown in Fig. 4, Fig. 5 and Fig. 6
respectively. The torso available measurement data are used
as an approximation of the CoM position.

As predicted by the model, at steady-state all three points
xc, xz and xicp converge to the same constant. This is
relevant to the design of the reference walking velocity that
will be illustrated in Sect. III.

This fast model validation indicates that system (5) is a
reasonable model in order to evaluate which of the three
points is a good quantity to monitor in order to detect
and indirectly measure an external force applied to the
robot. Since the CoM always follows the ICP, we focus the
following discussion on the comparison between the ZMP
and ICP responses in order to choose the “best indirect
sensor”.

The expressions of the transfer functions (6) and (7)
respectively show that they differ in the zeros, that is in
the transient behavior. The main difference lies in the ZMP
output having a non-minimum phase characteristic due to
the presence of a positive zero in ω. As well-known, in a
subsequent control loop, the presence of this positive zero
may limit the obtainable closed-loop bandwidth and also
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Fig. 5. Effect of an external step force on the robot equilibrium: xicp.
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Fig. 6. Effect of an external step force on the robot equilibrium: xz .

have implications in the control effort. Moreover being Fz(s)
proper any present measurement noise is not filtered. In ad-
dition, the step response of the ICP indicates that this output
is more sensitive and reacts faster than the CoM to external
perturbation and always moves in the direction of the applied
force. We thus choose the xicp as the variable available for
control. With this choice, Ficp(s) can be interpreted as the
transfer function of the “built-in” force measurement device.

III. WALKING CONTROL

Based on the analysis of the previous section we propose here
a simple control scheme for the execution of interaction tasks
in which the humanoid is expected to walk in the direction
of an external force. The intuition behind the approach is as
follows. Given the interaction model of the previous section,
when a constant disturbance force is applied to the mass the
system reaches a new static equilibrium. If the pivot joint
of the pendulum is translated with a velocity proportional
to the distance of the ICP from its unperturbed equilibrium,
the pendulum will move in the direction of the applied force
and will stop when the force goes to zero. We will use this
intuition in approaching the control of the humanoid walk
under manual guidance.

When a force is applied on the humanoid it generates a
variation of the CoM position and velocity which is well
represented by the ICP. The key point in manual guidance is



1

1 - 
!
s

1

1 +
!
s

xcxz xicp

Fig. 7. LIPM represntation in (xicp, xc) coordinates.

that the force applied by a human is not a force the humanoid
is supposed to contrast but instead it indicates the direction
and the intensity of the desired path. So, in some sense,
the force becomes a reference for the biped robot. Usually
the reference for a humanoid is given in terms of a desired
ZMP trajectory generated after a sequence of steps has been
planned. How to translate the given ZMP trajectory into
an equivalent stable CoM is a key problem in the motion
planning of humanoids since the ZMP to CoM dynamics
are unstable. In particular, with the change of coordinates
introduced by [8](

xicp
xc

)
=

(
1 1/ω
1 0

)(
xc
ẋc

)
(8)

it is evident that the unstable dynamics is represented by the
ICP component as shown in Fig.7 and this is the cause of the
difficulties. So when a desired ZMP is given, the key point
is translating this trajectory into a desired ICP one.

Here we use a different approach. We use the humanoid it-
self as a “reference generator”. The interaction force applied
during manual guidance is represented indirectly by the ICP
which is taken as a reference for the position of the support
polygon centroid. Instead of making the ICP coming back
into the polygon of support, we move the polygon toward
the ICP.

A. Reference velocity generation

In the implemented basic high-level controller, we generate
a reference velocity for the robot proportional to the relative
distance of ICP from its static equilibrium position, thus
realizing a form of admittance control:{

vx = kx(xicp − xcps)
vy = ky(yicp − ycps).

(9)

In (9) kx and ky are positive gains, picp = (xicp, yicp)
T is the

position of the ICP while pcps = (xcps, ycps)
T is the position

of the support polygon centroid where the ICP should stay
when in static equilibrium. The error picp − pcps can be
interpreted as a measure of the force applied to the robot.
When this force is not null the robot starts moving with the
reference velocity given by (9). According to the interaction
model of the previous section, when the applied force goes
to zero the error on the position of the ICP with respect to
the centroid of the polygon of support also converges to zero
and the robot stops walking.

B. Sway motion cancellation

The reference velocity (9) has been designed considering that
the ICP moves under the action of the external force only.
However, the ICP position is also perturbed by the walking
motion of the humanoid. To isolate the motion of the ICP due
to the force it is necessary to filter the transversal oscillation
of the torso during locomotion known as sway motion.

The sway motion is a common problem in the control
of humanoid robots. In fact, though it is a desired effect
for stable biped locomotion, it represents an issue for higher
level tasks. For example, in [10] the sway motion is compen-
sated within a visual servoing control scheme. In this work
the low-pass filter used in [11] for trajectory control has
experimentally proven to be effective in filtering the sway
motion.

IV. EXPERIMENTAL RESULTS

As an experimental platform to validate the effectiveness
of the proposed interaction method we used the humanoid
NAO whose sensory equipment includes an Inertial Mea-
surement Unit (IMU) placed in the torso consisting of a
3-axes accelerometer and two single-axis gyrometers. The
accelerometer provides a measurement of the robot proper
accelerations along the sensor three axes (âx, ây and âz), the
gyrometers measure the rotation velocities around the robot x
and y axes (ωx and ωy). An on-board filtering algorithm fuse
accelerometers and gyrometers data to provide a measure
of the robot roll and pitch angles (α and β). The data
coming from the IMU have been processed to obtain the
robot effective acceleration and linear velocities. In particular,
to retrive the effective robot acceleration, we first removed
the term due to the gravity:

ax = âx − g sinβ,

ay = ây − g sinα,

where g = 9.81 m/s2, and then we projected them on an
inertial frame:

ẍc = −ax cosβ,

ÿc = −ay cosα.

Finally, we removed the drift that commonly affect these
measures by calibrating the sensor at the beginning of each
experiment, and we cleaned the signals with a low-pass
frequency filter. Under the assumption that the robot CoM
coincides with the torso, ẍc and ÿc are the measured accel-
eration used for the ZMP computation. Although not used
to control the robot, ZMP measurements were considered in
the validation of the interaction model in Section II.

The robot CoM velocity was computed by simple
trigonometry using gyrometers and orientation information:

ẋc = zc ωy cosβ,

ẏc = zc ωx cosα.

These velocities are used to obtain a measure of the ICP.
Also in this case, we filtered the sensors signals.
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Fig. 8. Constant force experiment: desired velocity along the x-axis.
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Fig. 9. Constant force experiment: desired velocity along the y-axis.

Approximating the position of the CoM with the origin
of the torso frame, the measures of xc, yc and zc have been
obtained using the getPosition API method as relative to the
NAO frame position which differs from the averaged position
of the support polygon centroid by a constant value.

To control the robot, the desired velocities, i.e. the control
inputs, were computed using eq. (9) with kx = 25 and
ky = 1. In these early experiments there has been no fine
tuning of these quantities. These velocities were sent to the
robot by using the NAO’s API method setWalkTargetVelocity
which allows to set the desired velocity by specifying the
incremental step length and stepping frequency, thus provid-
ing a natural method to directly control the motion of the
polygon of support. This is a “non-blocking” function, i.e.
it executes only the last command, thus allowing us to send
commands to the robot with an arbitrary frequency.

A. Application of a constant force

To validate the proposed approach, we first tested the pos-
sibility to move the robot with a constant external force. To
this end we used the same experimental set-up of Section II.
Figure 8 reports six snapshots of the experiment in which
NAO successfully walks in the direction of the pulling force
generated by the suspended mass. When the mass touches
the ground the value of the force becomes zero, the ICP
converges to the controlled static equilibrium and the robot
stops.

Figure 9 shows the plot of the desired velocity vx recorded
during the experiment. The black-dashed line is the vx
obtained considering raw sensor data. Here raw indicates
the data after a first internal filtering. The blue-solid line

reports the result of a second low-pass filtering used to slow
down the reference variations and allowing NAO to deal with
the control input. We have also implemented a thresholding
operation in order to avoid any excessive chattering in the x
direction. In other words the control input will be non zero
only if a significant variation in the ICP is detected.

Similarly, Fig. 10 reports the raw and filtered plus thresh-
olded desired velocity in the y direction. The small oscilla-
tions of the signal are cancelled by the thresholding operation
that is much smaller in this direction and that has been used
essentially to filter out numerical chattering.

B. Manual guidance

Finally we have validated the approach with an experiment of
human manual guidance. Figure 11 shows snapshots of the
corresponding video accompanying this paper. The human
partner holds NAO by its hands and guides it by applying first
a pulling and then a pushing force for some interval of time.
NAO correctly reacts by following the motion intention of
the human as can be better appreciated in the accompanying
video.

V. CONCLUSION

In this paper we present a manual guidance strategy
for humanoids that does not require force sensors in the
hardware equipment of the robot. The strategy has been
designed as a high level control task and takes into account
the humanoid built-in stabilizing controller. The approach
has been validated on the robot NAO whose hardware limi-
tations hardly allow to perform complex tasks like physical
interaction.

The proposed method relies on an indirect measure of
the force generated by the physical interaction with the
human which is based on a measure of the perturbation
of the equilibrium induced by the interaction force. The
inherent limitation of the method is, of course, its inability
to distinguish between an intentional (i.e., due to interaction)
and an unwanted (due, e.g., to pushes, terrain irregulari-
ties, . . . ) perturbation of the equilibrium. Future development
of the proposed technique will include force estimation
through measures of the joint currents in the spirit of [12]
and will investigate the inclusion of vision in the control
of interaction. Programming NAO at low-level would also
increase that specific platform performances in the task.
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