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Abstract— As robots shift from industrial to human-centered
spaces, adopting mobile manipulators, which expand workspace
capabilities, becomes crucial. In these settings, seamless inter-
action with humans necessitates compliant control. Two com-
mon methods for safe interaction, admittance, and impedance
control, require force or torque sensors, often absent in lower-
cost or lightweight robots. This paper presents an adaption
of impedance control that can be used on current-controlled
robots without the use of force or torque sensors and shows
its application for compliant control of a mobile manipulator.
A calibration method is designed that enables estimation of
the actuators’ current/torque ratios and frictions, used by
the adapted impedance controller, and that can handle model
errors. The calibration method and the performance of the
designed controller are experimentally validated using the
Kinova GEN3 Lite arm. Results show that the calibration
method is consistent and that the designed controller for the
arm is compliant while also being able to track targets with five-
millimeter precision when no interaction is present. Addition-
ally, this paper presents two operational modes for interacting
with the mobile manipulator: one for guiding the robot around
the workspace through interacting with the arm and another
for executing a tracking task, both maintaining compliance to
external forces. These operational modes were tested in real-
world experiments, affirming their practical applicability and
effectiveness.

Code: https://github.com/tud-amr/mobile-manipulator-compliance

I. INTRODUCTION

As robots transition from industrial settings to human-
centered spaces, integrating mobile manipulation and com-
pliant control becomes vital for efficient and safe task execu-
tion [1]. Mobile manipulation extends the robot’s workspace
by combining navigation and manipulation capabilities, en-
hancing flexibility and efficiency. Moreover, compliance is
mandatory for robust behaviors in unstructured environ-
ments and safe operation in the proximity of humans [2].
Compliance is commonly achieved through indirect force
control methods such as admittance and impedance control.
However, these methods require contact information that are
typically derived from measurements of the joint torques or
from a force/torque sensor mounted at the end-effector. Such
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Fig. 1: Compliance-enabled operational modes implemented
on mobile manipulator without force/torque sensors. Guid-
ance mode: mobile manipulator is led through interaction
with arm. Tracking mode: end-effector (green circle) tracks
target (red dot) while being compliant with user interactions.

equipment can be expensive, and off-the-shelf robots might
not come equipped with them. Further challenges arise based
on the control mode supported by the robot. On the one hand,
while admittance control can be applied to position/velocity-
controlled robots, the robot is only compliant with measured
forces. On the other hand, impedance control effectively
achieves compliance to all forces interacting with the robot
but is exclusive to torque-controlled robots.

Depending on the capabilities of the manipulator and the
mobile base, either whole-body impedance control [3], ad-
mittance control for the base, and impedance control for the
arm [4], [5], [6], [7], or whole-body admittance control [§]
have been applied. Whole-body impedance control is less
often employed since off-the-shelf mobile bases typically do
not provide torque control. Furthermore, the base’s weight
and motor friction can hinder interaction with the base. To
implement impedance control on the arm, torque sensors
at each joint are necessary. However, lightweight or more
affordable robots often lack torque sensors and may only
support current control. Admittance control faces the chal-
lenge of needing sensors to detect external forces on each
link that require compliant behavior.

Hence, implementing compliant control on a mobile ma-
nipulator poses significant challenges, particularly when us-
ing off-the-shelf manipulators and wheeled mobile bases,
as some do not provide the required sensors or control
modes. In the following, we will generically use the term



force/torque (FT) sensor to refer to such sensing capability.

Thus, this work presents a holistic approach to ad-
dress compliance for mobile manipulators using off-the-
shelf current-controlled manipulators and velocity-controlled
mobile bases without adding FT sensors. In the context of
the manipulator, the approach involves estimating the direct
correlation between the actuator current and the resulting
joint torque, overcoming the typical reliance of impedance
control on torque sensors. Additionally, we present two op-
erational modes for interacting with the mobile manipulator
see Fig. 1. A guidance mode to guide the mobile manipulator
around the workspace through interacting with the arm, and
a tracking mode to execute a tracking task. Both modes are
compliant in the case of contacts with the arm. In summary,
our contributions are:

e A calibration method that estimates the actuators’ cur-
rent/torque ratios and friction of the manipulator’s joints
while handling model inaccuracies, enabling current-
based impedance control without requiring any addi-
tional sensing beyond standard robot control systems.

Two different operational modes for interacting with
mobile manipulators consisting of off-the-shelf compo-
nents without FT sensors through the compliant arm.

We validate the consistency of the calibration method, the
performance of the adapted impedance controller for the
manipulator, and the mobile manipulation operational modes
in real-world experiments.

II. RELATED WORK

We start with existing implementations of compliant con-
trol on mobile manipulators, highlighting their connection
with the used hardware. Additionally, we explore how past
approaches have tackled hardware constraints.

Whole-body impedance control was implemented on the
DLR Lightweight Rover Unit as it supports torque control
for both the arm and the base while considering the non-
holonomic constraints of the base [3]. The resulting active
compliant base behavior is particularly beneficial as it allows
compliance to unmeasured forces acting on the base. This is
only possible for torque-controlled back-drivable wheels.

In contrast, off-the-shelf mobile bases are usually posi-
tion/velocity-controlled. Thus, [4] implements an admittance
interface on the Rollin’ Justin to transform the desired forces
and torques into applicable motion trajectories. The authors
provide a formal stability proof, which is necessary when
combining torque control and admittance control.

Finally, whole-body admittance control can be applied to
completely position/velocity-controlled mobile manipulators.
This requires the measurement of the external forces. There-
fore, the research for these platforms is mainly focused on
alternatives to FT sensors such as moment-observers [9] and
to enable sensing for other parts of the robot than the End-
Effector (EE) [8].

In general, a substantial body of research has focused on
the estimation of external forces and torques without the use
of sensors. These are almost exclusively model-based and
thus are highly dependent on the accuracy of the dynamics
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model. The external wrench is considered as a disturbance
and estimated by comparing the nominal and the observed
model output [10], [11], [12]. Some works focus on the
case of current-controlled robots using Kalman filters [13]
or learning-based methods [14]. In [13], gearbox ratio and
motor constant are assumed known. Moreover, [15] provide
an identification procedure for different friction effects for
motor-controlled robots. In [16] a simple calibration method
is applied to estimate the current/torque and gearbox ratio,
but they assume an accurate dynamic model to be given.

In this work, we offer a comprehensive description of
a calibration method leveraging the known gravitational
force on the robot to estimate the current/torque ratio and
friction loss. Additionally, we enhance the method to address
model errors. This allows the application of current-based
impedance control on a current-controlled manipulator. Fur-
thermore, we combine the compliant manipulator with a mo-
bile base and develop two operational modes for interacting
with the mobile manipulator through the arm.

ITII. PRELIMINARIES

This section offers a concise introduction to the robot
dynamics and impedance control and formulates the problem
considered in this work.

A. Robot Dynamics

The dynamics of a manipulator with n rigid joints are
represented by the nonlinear differential equation:

M(q)q+c(q7q)q+7g(q) + Tt = T + Text, (1)

where the symmetric, positive definite inertia matrix
M (q) € R™*", the Coriolis/centrifugal matrix C(q,q) €
R™* ™ and the gravitational torque T4(q) € R" depend on
the joint positions ¢ € R™ and the joint velocities ¢ € R”.
The torques applied to the system are the actuator torques
7 € R™ and the external torques T.xt € R™. The vector
7t € R™ contains the torques due to friction.

Given the task coordinates @ and x, each term in (1) can
be transformed to the task space [17], leading to the model:

A(Q)E + p(q, @)z + fo(q) + fi = f + fexts, (2

with A(q), p(q,q) being the Cartesian inertia matrix and
Coriolis/centrifugal matrix, respectively. The effects of grav-
ity, friction, the actuator, and external forces are given by

f=(q), fr, f, and fe, respectively.
B. Impedance Control

Impedance control aims to let the EE of the robot behave
as a spring-damper system with a desired stiffness K,
and damping D,. In operational space, an impedance con-
troller [17] [18] is generally defined as:

f=Aq)xq + pn(q,q)Tq + f; —Kqe — Dgé,
PD-part

3)

"+"-part

where the "+"-part compensates for the effect of gravity and
adds feedforward terms. The PD component specifies the
desired compliance of the robot concerning the position and



velocity errors of the EE, represented as e =  — x4 and é,
respectively, where x4 denotes the desired EE position. The
required joint torques can be computed using the Jacobian
matrix J(q), with & = J(q)q, and

T=J"(q)f. 4)

In case of redundancy, the general concept of nullspace
projection [19] can be used to add secondary task joint
torques T», projected using a projection matrix IV, i.e.,

T=JY(q)f + N1s. (5)
C. Problem Formulation

We consider a mobile manipulator, including a current-
controlled manipulator without FT sensors, which does not
allow the direct application of Eq. (5). Thus, the goal is to
derive the relation

c=h(r) (©6)

that matches the actuator currents ¢ with the joint torques
from the impedance controller 7. Additionally, the objective
includes integrating this manipulator arm with a mobile base
by defining a control method for the base.

IV. METHOD

This section describes our main contribution: a calibration
method to implement impedance control on a lightweight
off-the-shelf manipulator without FT sensors in Section IV-
A, and two operational modes for interacting with the mobile
manipulator in Section I'V-B.

A. Calibration

We develop a calibration process to establish the relation
in Eq. (6), detailed in Section IV-A.1, to implement current-
based impedance control without torque sensors. This pro-
cess utilizes the robot’s model and the Earth’s gravity to
estimate the ratio between the actuator current and the result-
ing torque. Additionally, it estimates joint friction (explained
in Section IV-A.2) and incorporates a compensatory control
strategy. Challenges arising from model inaccuracies and
their resolution are addressed in Section IV-A.4. To enhance
clarity, we outline the process for a single joint below but
note that this can be replicated for each joint.

Fig. 2: Torque acting on a
joint due to gravity.

Fig. 3: Difference between
modelled and actual COM.

1) Current/Torque Ratio Estimation: We start by estimat-
ing the ratio  between the actuator current ¢ and the model-
based actuator torque 7 so that the relation from Eq. (6) for
a single joint becomes

c=rT. (7

Initially, we assume zero friction, but friction is addressed
in Section IV-A.2. In an ideal case, the recorded current for
a joint with r = 2 assuming zero friction would mimic the
red plot illustrated in Figure 4. For any given robot pose, it
is possible to calculate the gravitational torque 7, acting on
the joint. The dynamic equation of the rotation of a single
joint can be expressed as

Io=1s+ T, ()

where I is the inertia of the body rotating around the joint, «
is the angular acceleration, and 7 is the actuator torque. Note,
that all other joints are locked, and we consider single-axis
joints, resulting in I being a constant value for the considered
joint. If the robot’s body rotates around the joint with a
constant velocity, so that & = 0, Eq. (8) can be rewritten
as

T = —Tg. 9)

Therefore, for a constant rotational velocity of the robot, 7
is exactly the opposite of 7, which depends on the mass
m the joint is carrying, the gravity constant g, the length
of the moment arm a, and the angle between the moment
arm and the direction of gravity 6, as shown in Fig. 2. The
gravitational torque on a joint is therefore defined as

Tg = mgasin(6). (10)

In this equation, mga is a constant factor. For simplicity, we
set mga to K during the explanation of the current/torque
ratio and friction estimation. This results in 7, = K sin(#).
Thus, when rotating the joint from 8 = —90° to 8 = 90°
with a constant velocity, 7 = —K sin(6) holds as plotted in
black in Fig. 4 for K =1 in an idealized scenario.

We use the default, non-compliant controller of the robot

to rotate the joint from = —90° to 6 = 90° with a
2
— 7
¢

7 (Nm), c (A)
o
T
\

|
—45 0 45 90
6 (%)
Fig. 4: Torque and current for a joint with K = 1 and a
current/torque ratio of = 2AN~"'m™1,

-90
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constant velocity and record the applied actuator current c.
This results in the dataset D containing /N measurements
of ¢ and the corresponding model-based actuator torque 7
computed using Eq. (9):

D={(c1,1),...,(cx,n)}. (11)

Using D, it is possible to estimate the ratio r. This can be
done by solving the following optimization problem:

(c; —r73)2, (12)
where ¢; and 7; are the measured current and the model-
based torque of sample ¢, respectively.

2) Friction Loss Estimation: The calibration in Sec-
tion IV-A.1 assumes a frictionless system, yet real-world
scenarios inevitably involve friction, which works against
the movement of the joint. To simplify and isolate the effect
of friction, we consider an actuator with » = 1 during the
explanation. Fig. 5 shows again an idealized scenario with 7
in black and c in blue when 0.5A of the current is constantly
lost due to friction. In contrast to Fig. 4, Fig. 5 shows two
lines for 7, depending on the direction of the movement. The
actuator current is shifted up relative to 7 for a movement
from 6 —90° to # = 90°, while it is shifted down
for the opposite movement from 6 = 90° to § = —90°.
This occurs because friction opposes upward link movement
initially, causing the current to exceed the model torque.
Conversely, during downward movement, friction hinders
joint acceleration, leading to the current being lower than
the model torque. Using D, it is possible to estimate r and
l, by solving the following minimization problem:

N

r* 1* = argmin Z(CZ — (r7; +1))3, (13)
il i=1

where ¢; and 7; are the measured current and model-based
torque of sample i, respectively. The minimization problem
can be solved with a solver supporting multiple variables,
for which we employ Python’s Scipy library. Depending on
the direction of movement during the collection of the data

2 T T I
p
_ —»— €(—90,90)
= 1 —< €(90,—90) [
Q
-~ 0
=
Z
= —1
_2 | | |
—-90 —45 0 45 90
6 (%)
Fig. 5: Torque and current for a joint with K =1, r = 1

and a friction loss of [ = 0.5A.
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points, the resulting friction loss [ can be positive or negative,
but the absolute value is of interest.

3) Friction Loss Compensation: To enable the controller
to compensate for the estimated friction loss [, we assume the
value obtained through calibration remains constant. We can
add friction compensation to Eq. (7) by adding the friction
loss value in the direction of the original torque output:

¢ =r7 + sign(7)l. (14)

However, compensating for the friction using this method on
its own results in a less compliant robot. Pushing away the
robot will now require a force large enough to overcome the
friction twice, once for the actual friction and once since the
friction loss compensation of the controller is also always
pushing the robot back to its target. Another option is to
compensate for the friction loss in the direction of moving,
which makes sense since friction is always directed in the
opposite direction of the velocity:

¢ =r7 + sign(g)l. (15)

Nevertheless, this approach fails when the robot remains
at zero velocity, and the position error is insufficient to
overcome friction and initiate movement. A solution is to
use a combination of both methods, where the contribution
of each depends on the velocity of the joint, where only
the velocity-based compensation is used for an absolute joint
velocity above a threshold velocity ¢, while only torque-based
compensation is used for zero velocity:

c=r7+l (min P(ﬂ

= 1} (sign ¢ — sign 7) + sign 7') . (16)

4) Phase Shift Estimation: The approach described for
deriving the ratio r and friction loss [ relies entirely on the
accuracy of the robot’s model. However, inaccuracies in the
model, as depicted in Fig. 3, can occur, where the Center of
Mass (COM) is displaced. A displacement in the z direction
would mean a displacement parallel to the axis of rotation
of the joint and therefore does not affect the calibration of
this joint. A displacement in the y direction would affect the
length of the moment arm a, but since this is part of the

2 T T T
— 7
C
2 1 1
Q
—~ 0F -
=
Z
 —1fF
_2 | | |
-90 —45 0 45 90
6 (%)
Fig. 6: Torque and current for a joint with K = 1, r = 1,

I =0 and a phase shift of § = —10°.



constant factor mga, only the current/torque ratio will be
slightly affected. A displacement in the z direction leads to
major problems since this results in a reformulation of the
gravitational torque from Eq. (10) to:

Tg = mgas sin(f + 0). a7

Here, as represents the actual moment arm of the robot,
which is different from the moment arm of the model a.
The discrepancy in angle between the model and the actual
robot is denoted by 4. To focus only on this effect, let us
assume to have an idealized actuator with r = 1 and [ = 0.
We would then obtain a phase difference between the model-
based actuator torque 7 and the measured current c¢ as in
Fig. 6, where 7 is shown in black and c in green for an
angle difference of § = —10°.

If there exists a phase difference, the estimation of r and
l as described in Eq. (13) will be inaccurate. To solve this
problem, the robot model must be adjusted to match the
real robot. Considering that the calculation of gravitational
torque on a joint relies on the combined COM locations of
all individual links (closest to the EE), adjustments should
be made starting from the last link and proceeding backward
to the first. To estimate the angle difference &, we record the
joint angle 6 next to c resulting in the new dataset:

D={(c1,01),...,(cn,0n)}.

Note that if the joint is also influenced by friction, a vertical
displacement of the current data is caused, as was shown
in Fig. 5. By recording the data on the trajectory from
6 = —90° to # =90° and on the trajectory from 6 = 90°
to # = —90° and taking the average on each angle 6, the
effect of friction will be canceled out. Next, it is possible to
solve the following minimization problem:

(18)

(c; — ssin(h; + 6))?, (19)
where ¢; and 6; are the measured actuator current and the
joint rotation at sample ¢, respectively, and s is a scaling
factor combining mgar. For ¢ % 0, the model of the robot
should be adapted by moving the COM location to align
with the estimated angle difference . Note that the scaling
factor s is not used as the original minimization problem
from Eq. (13) can be used after correcting the model.

Fig. 7: The base follows the end-effector.
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B. Operational Modes for a Mobile Manipulator

We have introduced a calibration method that allows
impedance control on a current-controlled manipulator with-
out FT sensors. Implementing impedance control on many
off-the-shelf mobile bases is not possible since they only
allow position/velocity control. This is also the case for the
considered mobile base. If current control was available, this
would require a similar calibration method as presented in
Section IV-A. Another challenge is that the base is difficult
to push into a desired direction due to its omnidirectional
wheels, even with the motors turned off.

Hence, an alternative control strategy is employed for the
base, where the base controller aims to keep the EE position
p always at a defined desired position pq, both expressed in
the reference frame of the base itself as shown in Fig. 7. A
difference between p and pq results in a base velocity vy,
using a defined constant gain Kjy,:

vy, = Ky(p — pa)- (20)

With this controller, the base will always follow the EE when
the EE deviates from the desired position pg. Note that a
deviation in the vertical direction has no effect, as it’s evident
that the base can only move within the horizontal plane of the
ground. Using the omnidirectional relation between wheel
motions and the resulting motion of the base, the correct
wheel velocities can be produced that correspond with the
direction and magnitude of the desired base velocity vy,.

1) Guidance mode: In the guidance mode, the target of
the EE depicted in red in Fig. 8a is statically placed in the
reference frame of the base. By defining pgq at the same
location as the target, the base will not move when the EE
reaches the target. When the user pushes the EE away, the
base will follow. Since the target is statically placed in the
reference frame of the base, the target follows the movement
of the base. When the EE is released, it can return to the
target, and the base stops. This setup allows the user to
easily move the mobile manipulator by leading it through
interaction with the arm.

2) Tracking mode: In tracking mode, the target is placed
in the reference frame of the world, see Fig. 8b. Therefore,
the target does not follow the movement of the base, in
contrast to the guidance mode. The user can push or pull
the EE away from the target, resulting in a movement of

(a) Static target in base frame.

(b) Target in world frame.

Fig. 8: Guidance mode (a) and tracking mode (b).



the base following the EE. Since the target is defined in the
reference frame of the world, the robot moves further away
from the target as long as the user keeps pushing the robot
away. When the robot is released, the EE tries to get back to
the target. The base will move, following the EE, until the
EE is at the desired position pg relative to the base.

V. EXPERIMENTAL SETUP

All experiments are performed in the real world using
the Kinova GEN3 Lite arm and Clearpath Dingo Omnidi-
rectional base which both do not contain FT sensors.

A. Experiment 1: consistency of the calibration

This experiment validates the calibration method’s consis-
tency through 50 repetitions. First, the phase shift between
the real robot and its model is estimated, see Section IV-A 4.
Then, using the adjusted model, the current/torque ratio and
friction loss are derived for all joints affected by gravity, as
described in Section IV-A.1 and Section IV-A.2.

B. Experiment 2: current-based impedance performance

In this experiment, we evaluate the compliance of the
adapted impedance controller by simulating interaction using
springs with varying stiffness. To achieve this, a setup is
arranged as illustrated in Fig. 9. Between the handle in the
EE’s gripper and the extrusion profile, a rope containing a
spring is attached, limiting the free-moving distance (where
the spring is not extended) of the EE to the length ds.

The task of the robot during this experiment is to track
a target moving along a predefined trajectory, as shown in
Fig. 10. The target trajectory (red) is partly within the range
where the spring is unstretched (within the blue circle), and
partly outside. The part where the spring is not stretched
simulates the situation of no physical interaction. In this
range, the tracking performance of the compliant controller
can be compared with the default velocity controller. For the
part where the spring stretches, the compliance of the arm
can be evaluated. The experiment is performed with a length
of the unstretched rope di = 0.260m, a target trajectory with
radius dy = 0.315m, a distance between the origins of the
arm and the spring of d, = 0.145m and a target velocity
v =0.101ms~'. The target moves along the half-circle four

Fig. 9: Setup of experiment 2. A gripper handle and base
connector are designed to limit the free distance df of the
end-effector.
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times. The experiment is repeated using springs of different
stiffness, namely 0.01, 0.04, and 0.12 Nmm™!.

Both the compliant and the velocity controllers have a
secondary nullspace task of containing a preferred configura-
tion to avoid redundancy problems. The designed impedance
controller uses Eq. (5) and Eq. (3), with stiffness K; =
40Nm~! and damping D; = 3Nsm ' and #4 =0, &4 =0
for simplicity. Eq. (16) is used for every joint to make the
conversion from torques to currents.

C. Experiment 3: mobile manipulator guidance and tracking

This experiment combines the arm and the base, to validate
the performance of the mobile manipulator. We first test
the guidance mode defined in Section IV-B.1 and then the
tracking mode defined in Section IV-B.2. The arm uses the
same impedance controller as in Section V-B, but the error
for the EE is limited to a maximum of 0.1 m to avoid extreme
forces when the target is far away from the EE. Furthermore,
a different preferred pose is used as the null-space task to
simplify the interaction with the robot. The base uses the
controller described in Section I'V-B.

Since the focus of this work is on the controller and since
we aim to mitigate localization and perception errors, we
utilize a virtual target and employ a motion capture system
to monitor the robot’s position.

VI. RESULTS

This chapter presents the results of the experiments de-
scribed in Section V.

A. Experiment 1: consistency of the calibration

In the first part of the experiment, the COM locations of
the lower wrist (Iw), upper wrist (uw), forearm (fa), and
upper arm (ua) are estimated as outlined in Section IV-A 4.
Fig. 11 shows the results as a normalized boxplot and over
the calibration round. The length of each box being smaller
than 4 mm showcases the consistency of the calibration
method. The most significant variances occur in the uw
z-location (cyan) and the Iw x-location (orange). Between
the 30th and 35th calibration rounds, a synchronous shift
becomes apparent in the two locations. The calibration of the
former (cyan) impacts the latter (orange) due to the sequence

Fig. 10: A spring limits the free-moving space of the robot.
The target trajectory (red) is half a circle with radius d, the
free-moving space is within the blue circle with radius d.



of calibration. This can explain the simultaneous change in
the calibration outcome of these two locations.

In the second part of the experiment, the current/torque
ratio r and the friction loss [ are estimated for the joints
experiencing gravity, namely joints 1 to 4. The robot model
is adapted to include the average COM locations derived
above. Fig. 12 shows the results as a normalized box-
plot and over time per calibration round. Except for the
friction of joint 1 (purple), all parameters show a narrow
interquartile range, demonstrating the consistency of the
calibration method. The plot per calibration round shows that
a continuous decrease in the friction of joint 1 is the reason
for the large variation. Joint 1 is the only joint containing a
large actuator and needs to deliver the highest torques since it
is the first joint of the arm carrying all other joints and links.
A possible explanation for the decreasing friction might be
the temperature changing over time during the calibrations,
but no temperature data is collected and therefore further
research is required to validate this theory.

Finally, the parameters of the two joints unaffected by
gravity are computed as the average of those joints sharing
the same actuator type. Note that it is also possible to mount
the arm in a different orientation for joint O or break the
symmetry for joint 5 to derive their parameters.

B. Experiment 2: current-based impedance performance

The second experiment is designed to validate the perfor-
mance of the current-based impedance controller using the
setup described in Section V-B. Fig. 13 shows the target
trajectory in orange and the actual trajectory of the EE in
blue, while the black circle indicates the boundary at which
the spring starts to pull the EE. The compliant controller is
used in (a), (b), and (c) with springs of stiffnesses 0.01, 0.04,
and 0.12 N mm !, respectively. In (d), the velocity controller

g 5 :
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Fig. 11: COM locations (link-direction) as boxplot normal-
ized with the median and per calibration round.

is used with the stiffest spring of 0.12 Nmm™!.

The impedance controller is set up such that the stiffness
of the EE should be 0.04 N mm™!, similar to the stiffness of
the spring in (b). It can be seen that the EE follows the orange
target trajectory best in (a), since here the spring is weaker
and thus more compliant than the arm. In (b), the stiffness of
the EE should be equal to the stiffness of the spring, which
seems to be correct at first glance since the blue lines are
about centered between the orange line and the black circle,
meaning that the EE and the spring are equally strong. In
(c), the stiffness of the EE is smaller than the stiffness of the
spring, resulting in the EE staying closer to the black circle,
since it is relatively more compliant than the spring.

Since the velocity controller is not compliant, regardless
of the stiffness of the spring, the result is equal to (d), where
the stiffest spring is used. The tracking performance can be
evaluated inside the black circle, where no external forces
are applied. The velocity controller is able to track the target
trajectory with a precision of less than 1 mm, while the
compliant controller achieves a precision of about 5 mm.

C. Experiment 3: mobile manipulator guidance and tracking

The third experiment validates the performance of the
complete mobile manipulator in the designed operational
modes and can be seen in the provided video.

Fig. 1 displays three frames of the robot being used in
guidance mode. The left and center image, show the arm
being pushed and pulled, respectively. Since the base follows
the EE, the base moves until the arm can settle to its original
configuration resulting in the base stopping. The right image
shows the compliant behavior of the mobile manipulator
when someone bumps against the arm.

Additionally, Fig. 1 showcases three top-down frames
illustrating the robot operating in tracking mode. The robot
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Fig. 12: Joint (#) ratio (r) and friction loss (1) as boxplot
normalized with the median and per calibration round.
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Fig. 13: Target (orange) and actual (blue) trajectories for
compliant (a, b, ¢) and velocity (d) control. Limited outside
the black circles by different springs, a: 0.01, b: 0.04, c: 0.12,
d: 0.12 Nmm™1!.

tracks a target (red) moving along the blue circle. In the
left image, the robot demonstrates compliance, allowing a
human to move it while the target moves away. In the center
image, the robot, released from human contact, repositions
its EE (green) back to the target. Due to the arm’s extension
toward the target, the EE deviates from its default position
relative to the base, prompting the base to adjust its position
accordingly. Finally, in the right image, the EE successfully
reaches the target, enabling the robot to maintain tracking
capability in the absence of interactions.

VII. CONCLUSION

This paper presented a holistic approach to addressing
compliance for mobile manipulators using off-the-shelf ma-
nipulators and wheeled mobile bases. Specifically, we intro-
duced a calibration method that enables the application of
impedance control on current-controlled manipulators. This
method involves estimating the torque/actuator current ratio
and friction loss and can account for model inaccuracies
using only signals available from standard position control.
Thus, no force/torque sensors are required. Furthermore,
we presented two operational modes for interacting with
the mobile manipulator that allow a human to guide the
robot through interaction with the manipulator and extend
the manipulator’s workspace. We showed the consistency
of the calibration method in real-world experiments and
evaluated our impedance controller, which considers the
identified torque/actuator current ratio and friction loss on
a manipulator. We show the compliance of the impedance
controller, which was able to track a target with a precision
of about 5 mm when not disrupted by external forces.
Additionally, we demonstrated the effective performance of
the whole-body implementation of current-based compliant
control on a mobile manipulator built with off-the-shelf
components without relying on any force/torque sensors.
Future work should demonstrate the calibration method’s
correctness by applying it to a manipulator with force/torque
sensors. Furthermore, it can explore how the presented cal-
ibration method can be applied to a mobile base supporting
current control.
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