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ABSTRACT
This paper presents a reaction force observer for
free-floating robots with manipulators. Force
feedback control of a manipulator is essential for
tasks involving contacts with other objects. Although force/torque sensors are commonly used
for measuring contact force, such sensors are disturbed by uncertainties including noise and fluctuating temperature. In this study, we propose a
reaction force observer for a free-floating robot,
which estimates the external force exerted on the
end-point of the manipulator from motor current
inputs and encoder position outputs. This technique enables the robot to estimate the external
force in real-time without being disturbed by force
sensor uncertainties. It also enables a simple robot
design without force/torque sensors by using the
proposed reaction force observer for force feedback, which leads to enhanced system reliability.
The proposed reaction force observer is validated
experimentally using an air-floating robot that can
emulate planar motion in micro-gravity.

1 INTRODUCTION
Space robots can perform various tasks using
robotic arms in space missions, such as active
debris removal, on-orbit servicing, sampling on
planets and asteroids, as well as assisting astronauts on the International Space Station. In such
missions involving physical contact with other objects, appropriate force control of the robotic arm
is essential for successful task execution. It is especially important to avoid damaging and pushing
away the operating objects in space using force
feedback control [1][2].
Conventional approaches on force control generally require force/torque sensors to measure the
contact force for feedback control. Such sensors are, however, aﬀected by noise and fluctuating temperature, and thus cannot provide accurate

data in real-time. To deal with this issue, typical
industrial robots are controlled slowly when making contact with the target object in grasping or
assembly tasks. This method is applicable when
the operating object is restrained by friction or geometrical stoppers to prevent it from being pushed
away by contact force. However, such a method
cannot be applied in space because a free-floating
target is not restrained and can be pushed away by
initial contact.
A disturbance observer that can estimate external force and inner friction was proposed [3],
and its related control methods have been used
to compensate for disturbances and uncertainties
in industrial robots [4]. However, these methods
for fixed-base manipulators on the ground cannot generally be applied directly on free-floating
robots in space, because the dynamic coupling
between the manipulator and free-floating base
must be considered. To handle this problem, a
disturbance observer-based control method for a
free-floating robot was studied [5], using a disturbance observer based on the virtual manipulator
approach [6]. However, their method cannot be
used in tasks involving physical contact, because
it assumes that no external force is applied on the
robots.
As an another application on a disturbance observer, Murakami et. al. proposed a reaction
force observer that can estimate external force exerted on the end-point of a manipulator without
force/torque sensors [7]. Although they demonstrated torque sensor-less control for a multi-link
manipulator using the reaction force observer, this
control method cannot be applied directly on freefloating robots due to the reasons above.
In this paper, we propose a reaction force observer
for free-floating robots using a generalized inertia matrix and a generalized Jacobian matrix introduced in [8], instead of the virtual manipulator model. This allows us to use the observer

in tasks involving contacts in space for estimating the external force applied on a free-floating
robot. Since the proposed observer does not use
a force/torque sensor, our approach enables space
robots to estimate the external force without being disturbed by noise and fluctuating temperature, which can cause failed contact detection and
unstable control. Furthermore, our approach can
simplify the robotic system by eliminating complex force/torque sensors that require connecting
cables and delicate calibration.

cm : Nonlinear velocity-dependent term of
manipulator.
Fb : Vector of force and torque exerted on
robot base.
τm : Vector of torque exerted on manipulator
joints.
J b : Jacobian matrix of robot base.
J m : Jacobian matrix of manipulator joints.
Fe : Vector of force and torque exerted on
end-point.

This paper is organized as follows. Section 2 explains how the proposed reaction force observer
is formulated from the equation of motion of a
free-floating robot. Section 3 describes an experimental study to verify the proposed observer using an air-floating system that can simulate twodimensional frictionless motion in space. This
experimental verification shows that the proposed
observer can estimate external force more accurately than the conventional observer for a fixedbase manipulator. Finally, Section 4 presents the
conclusions including our contribution and future
work.

In this study, the active force and torque applied
on the base, such as by jet thrusters or reaction
wheels, are not applied (i.e. Fb = 0). By eliminating the base acceleration term ẍb from the lower
part of (1) using the upper part of (1), the equation of motion in joint coordinate can be obtained
as follows:

2 REACTION FORCE OBSERVER
DESIGN
This section briefly reviews the dynamics of a
free-floating robot, which is used in the observer
design. It also presents the design of the reaction
force observer and the joint friction model used in
the observer.

2.1 Dynamics of a Free-Floating Robot
The equation of motion of a free-floating robot
with a manipulator can be represented as follows
[8]:
[
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HTbm Hm
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cm
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Jm

where the symbols are defined as follows:
Hb : Inertia matrix of robot base.
Hm : Inertia matrix of manipulator.
Hbm : Coupling inertia matrix between robot
base and manipulator.
xb : Vector of position and orientation of robot
base.
ϕm : Vector of manipulator angle.
cb : Nonlinear velocity-dependent term of
robot base.

Hg ϕ̈m + cg = τm + J Tg Fe ,

(2)

where
Hg
cg
Jg

=
=
=

Hm − HTbm H−1
b Hbm ,
cm − HTbm H−1
b cb ,
−1
J m − J b Hb Hbm .

(3)
(4)
(5)

The matrices Hg and J g are referred to as the generalized inertia matrix and generalized Jacobian
matrix, respectively. The reaction torque exerted
by the external force is expressed using the generalized Jacobian matrix as follows:
τext = −J Tg Fe .

(6)

This external torque is estimated using the observer described in the next section.

2.2 Reaction Force Observer
The torque applied on the manipulator joint τm
can be expressed as a subtraction of the joint friction from the motor output as follows:
τm = KIin − τ f ri ,

(7)

where K, Iin , and τ f ri denote the torque coeﬃcient, input motor current, and friction of the joint
motor, respectively. From (2), (6) and (7), the external torque can be rewritten as follows:
τext = KIin − Hg ϕ̈m − cg − τ f ri .

(8)

We construct the reaction force observer based on
this equation. As the angular acceleration ϕ̈m in
(8) is diﬃcult to measure directly, it is obtained
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Figure 1: Block diagram of reaction force observer for free-floating robots.

by diﬀerentiating the angular velocity. In addition, a low-pass filter (LPF) is applied to the calculated external torque to reduce the eﬀects of sensor noise. The Laplace transform of this process is
given in (9), where g stands for a cutoﬀ frequency
of the LPF. Note that superscript ∧ denotes the
estimated quantity and subscript n stands for the
nominal quantity. Moreover, we apply a pseudodiﬀerentiator to this form and obtain the external
torque as expressed in (10).

g
(9)
(K n Iin − sHg ϕ̇m − Ĉg − T̂ f ri )
s+g
g
=
(K n Iin + gHg ϕ̇m − Ĉg − T̂ f ri )− gHg ϕ̇m .
s+g
(10)

T̂ ext =

Fig. 1 shows a block diagram of the formulated
reaction force observer. This observer allows us
to estimate the external force from motor current
inputs and encoder position outputs, without a
force/torque sensor.
The nonlinear velocity-dependent term cg and
the friction term of the joint τ f ri are required
for estimating the reaction torque using the proposed observer. Although the nonlinear velocitydependent term can be calculated numerically using the dynamic model, the joint friction is difficult to measure directly using sensors. Therefore, we built a friction model for this observer. In
this research, the joint friction is decomposed into
coulomb friction and viscous friction as follows:
τ f ri = τc + τv ,

0.08

(11)

where τc and τv denote the coulomb friction and
viscous friction, respectively.
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Figure 2: Motor torque output with diﬀerent current inputs.

2.3 Parameter Identification
We performed two experimental tests to identify
the parameters used in the reaction force observer.
In the first test, the torque coeﬃcient and the
coulomb friction were identified. Then, in the
second test, the viscous friction was modeled in
a simple form.
In the first test, the static motor torque induced
from diﬀerent current inputs were measured directly by a torque sensor fixed on the motor. Fig. 2
plots the motor output torque with diﬀerent inputs.
The torque coeﬃcient was identified as the gradient of linear approximation, and the coulomb
friction was obtained from the oﬀset of the approximated line when the input was zero. In this
study, we used Maxon EC-max22 motor with 19:1
gear ratio, and identified the parameter values as
Kn = 0.213 [Nm/A] and τc = 0.02 [Nm] from
Fig. 2.
Fig. 3 shows how the coulomb friction was modeled simply. Note that the friction was approximated linearly within the range where the absolute angular velocity was less than 1.0 [deg/s], to
avoid chatter in the estimated torque when the sign
of angular velocity varies around 0 [deg/s]. Consequently, the joint coulomb friction can be expressed in the following equation:


0.02 [Nm]
(1.0 < ϕ̇ [deg/s])



0.02
ϕ̇
[Nm]
(−1.0
≤
ϕ̇ ≤ 1.0 [deg/s])
τc = 


 −0.02 [Nm]
(ϕ̇ < −1.0 [deg/s]).
In the second test, the motor was controlled at a
constant velocity without any external force. The
viscous friction was measured by subtracting the
identified coulomb friction from the motor out-
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Figure 3: Coulomb friction model used in the observer.

Figure 5: Free-floating robot with 3-joint manipulator.

Table 1: Robot Model Parameters
0.030

Viscous Friction [Nm]

0.025

Length of Link 1 and 2
Length of Link 3
Mass of Base
Mass of Link 1 and 2
Mass of Link 3
Inertia of Base
Inertia of Link 1 and 2
Inertia of Link 3

Measured
Approximation

0.020
0.015
0.010
0.005
0
0

200
400
600
Angular Velocity [deg/s]

0.100
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0.259
0.416
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3.1 Experimental Setup

Figure 4: Viscous friction model used in the observer.

3 EXPERIMENTAL STUDY

An air-floating robot with air bearings is employed in this experiment. This robot utilizes
pressurized air to float up on a flat plane for emulating planar motion in micro-gravity. The robot
is also equipped with a 3-joint manipulator and an
on-board computer, as shown in Fig. 5. The onboard computer estimates the external torque from
the encoder data and motor current inputs using
the proposed observer. The data sampling rate is
set at 1 [ms], which is fast enough to use the firstorder filter and the observer without being aﬀected
by non-linearity [7]. An external motion capture
system is also connected with the on-board computer in a wireless network to provide the attitude
of the robot, which is required for calculating the
dynamics used in the observer. A force sensor is
mounted on the tip of the manipulator to acquire
real contact force that is compared with the estimated reaction force.

This section provides details on experimental verification of the proposed method using an airfloating robot that achieves two-dimensional frictionless motion.

The same motors and parameters verified in the
prior tests are employed on each joint of the manipulator. Table. I lists other detailed model parameters of the robot.

put torque, which is calculated using the identified torque coeﬃcient and motor current. Fig. 4
depicts the measured viscous friction with diﬀerent angular velocities. The viscous friction was
formulated simply by using the following linear
approximation:
τv = Dϕ̇m ,

(12)

where D is the viscosity coeﬃcient, and its value
was identified in the above linear approximation
as D = 2.62 × 10−5 [Nm/(deg/s)].
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Figure 6: Initial configuration of the robot. The
external force is applied in the negative direction
along the x-axis.

3.2 Experimental Conditions
We compare estimation results in the reaction
force observer based on two diﬀerent models: the
free-floating model and the fixed-base model. For
the estimation based on the free-floating model,
the generalized inertia matrix Hg and the velocitydependent term in joint coordinate cg are used
in the observer. Furthermore, the external force
is calculated from the estimated joint torque using (6) with the generalized Jacobian matrix J g .
In contrast to the free-floating model, instead of
these terms, normal inertia matrix Hm , velocitydependent term cm , and Jacobian matrix J m are
used in the estimation based on the fixed-base
model. In both cases, the same torque coeﬃcient
and friction model identified in the prior tests are
used in the experiment. The estimated torque and
force are compared with real data obtained by the
force sensor attached on the manipulator.
The control input is given by the simple PD controller in joint coordinate as follows:
d

Iin = K d (ϕ̇m − ϕ̇m ) + K p (ϕdm − ϕm ),

(13)

where the superscript d stands for the desired quantity, and K p and K d denote the
PD control gains. The control gains are set
as K p = diag[1000 1000 1000] and K d =
diag[100 100 100], which were determined
through prior experiments. The desired joint angle is set as ϕdm = [45 − 90 45]T [deg] as well as
the initial joint angle.
In this experiment, external force is applied on
the end-point of the manipulator when the robot is
moving with constant translational velocity without joint motion. After the external force is applied, the joint motion is driven and controlled by
the input calculated by (13). During this scheme,
the external force is estimated using the observer
with the diﬀerent models. Fig. 6 shows the exper-

Figure 7: Motion sequence in the experiment. The
external force was applied on end-point of the manipulator at 1.0 [s].

imental overview including the initial robot configuration and the direction of external force, as
well as the definition of the inertial coordinate in
the experiment.

3.3 Results and Discussion
Fig. 7 shows snapshots of the robot motion in
the experiment. The joint motion was induced by
the external force, while the joint angle was controlled to converge at the desired angle after contact.
Fig. 8 shows the experimental results of angular
velocity and the estimated torque on each joint,
as well as the estimated external force along the
x-axis and y-axis. In Fig. 8 (b)-(f), the blue line
shows the ground-truth data measured by the force
sensor, while the green line and red line indicate
the estimated values using the free-floating model
and the fixed-base model, respectively. Furthermore, in these graphs, the duration of applying
the external force is highlighted with a light-dark
color background.
The external force was exerted on the end-point of
the manipulator at 1.0 [s], and this contact ended
around 1.4 [s], as shown in Fig. 8 (e) and (f). The
joint motion was driven by this contact, as seen in
Fig. 8 (a), and the joint angle was converged to the
desired angular position.
In the case where the free-floating model was
used, the external torque during the contact was
estimated suﬃciently, while small deviations were
observed, as shown in Fig. 8 (b), (c), and (d).
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Figure 8: Experimental results including the comparison of the real torque and force (blue line) and the
estimated values using the diﬀerent models: free-floating model (green line) and fixed-base model (red line).
The time period while the external force was applied is shaded with light gray color in background. The large
deviations are marked with purple arrows.

These deviations are attributed to model parameter errors and unmodeled eﬀects, including the
tensional force of the motor cables. In contrast,
when the fixed-base model was used, relatively
large estimation errors were observed, especially
on Joints 1 and 2. In Fig. 8 (b), the estimation

value deviated largely after contact. In Fig. 8
(c), the peak values of estimated torque during
and after contact in the case of the fixed-base
model were larger than that in the case of the freefloating model. Although large diﬀerences cannot
be seen in these graphs, these diﬀerences result

in remarkable deviations of the estimated external force, as shown in Fig. 8 (e) and (f). The external force was suﬃciently estimated when using
the free-floating model, while the estimated force
deviated when using the fixed-base model. This
comparison result suggests that the reaction force
observer using the generalized inertia matrix is
feasible for estimating external force applied on a
free-floating robot. The results above also proved
that the proposed reaction force observer can sufficiently estimate the external force applied on a
free-floating robot without using force/torque sensors.

4 CONCLUSIONS
This paper described the reaction force observer
for a free-floating robot. We extended the conventional theory of the reaction force observer
used in fixed-base manipulators for a free-floating
robot. The extended reaction force observer was
constructed with the generalized inertia matrix in
joint coordinate, which made it possible to accurately estimate the external force applied on a
free-floating robot. The validity of our method
was proved in the experimental verification using
the air-floating platform that emulated the planer
motion in space. The proposed technique allows to the implementation of force control involving contact behavior in space, without unreliable force/torque sensors that are often disturbed
by noise and fluctuating temperature.
The next step of this research would be force feedback control using the estimated reaction force.
Such a force feedback system would enable control of the contact force between the robot and the
target object, so as to prevent mechanical damage
and avoid pushing the free-floating object away
in space, which are very important concerns in
real space missions requiring high safety. Furthermore, we would enhance robustness with respect
to model errors using adaptive control introduced
in [9], though the eﬀects on model errors are not
discussed in this research. Another future task of
this research is to evaluate performance when using a high gear ratio motor. Although a high gear
ratio motor can generate large joint torque from
limited electric power, the joint friction is complicated and diﬃcult to model. As such friction
model errors reduce estimation accuracy, we will
verify the conditions applicable to this method for
real space missions.
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