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ABSTRACT Owing to the increasing engagement of service robots in everyday life, significant requirements
are imposed on their control systems to ensure safe interaction between robots and humans. The stiffness
of the motion executed by the service robots is not high, as with industrial robots, but has to be variable
depending on the defined task. Therefore, a service robot needs to have soft actuation, delivering “human-
like” motion dependant on the interaction force between the robot and its environment. Such an operation
requires switching from the trajectory tracking (position control) mode to the interaction (force control)
mode, and vice versa. Conventional control methods, based on hybrid position/force control, or switching
between a position and force controller, may fail short in these cases. Thus, we have previously proposed a
new control method, denoted as universal motion controller, that merges the position and force control into
a single control structure. The control method is elaborated in this article, and its experimental validation is
presented for the first time for multi-degree-of-freedom systems.

INDEX TERMS Position/force control, robust control, service robots, universal motion controller.

I. INTRODUCTION
The world is facing a new era that is expected to bring more
robots into our daily lives. The robots are nowadays not used
only in industrial facilities, as the field of service robotics
is having fast progress. When you mention the term “robot”
today, one rarely thinks of an industrial manipulator trapped
in a cage and operating in a structured and controlled envi-
ronment. You would rather think of a robot helping industrial
workers, serving food and drinks to customers in a restaurant,
assisting or performing autonomously a medical surgery, or
helping elderly people in their daily activities.

It is expected that in the near future, robots will rev-
olutionize service industry by replacing human labor or
having robots operating together with humans [1], [2]. It
is also expected that complex tasks will be automated in

manufacturing by the application of collaborative robotics [3].
The application of collaborative robots in a manufacturing
process can improve not only production time but also er-
gonomics of the process [4]. Researchers are even considering
proactive human–robot collaboration in industry [5]. The dis-
cussion of human–robot interaction takes into account even
emotion recognition [6]. Successful collaboration between a
robot and humans requires adaptive behavior and learning
from the robot [7], as well as the capture of specific human
skills [8].

Motion control is identified as one of the enabling technolo-
gies for successful cohabitation between humans and robots.
Most human–robot collaborations require a smooth transi-
tion between the trajectory tracking (position) and interaction
force control tasks [9], which are considered two basic tasks in
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the motion control field [10]. Complex tasks can be described
as a combination of the basic tasks. Thus, it is of essential
importance to enable efficient position and force control, as
well as to enable the transition between these two control
modes. One has to note that trajectory tracking and force
control tasks differ significantly in motion stiffness [11]; the
control algorithm needs to enforce infinite stiffness for the
position control mode, while on the contrary, the stiffness
should be zero in the force control mode. Thus, the position
and force control cannot be performed simultaneously along a
single axis. One has to note that for multi-degree-of-freedom
(multi-DOF) systems, it is possible to have position control
along certain axes and force control along others, which yields
the well-known hybrid control [12]. When a robot operates in
a dynamic environment, position and force tracking may have
to be used alternately along an axis, and the switching between
the two control modes needs to be performed. Basic switching
between position and force controllers is not a good resolu-
tion for several reasons. First, the switching between position
and force control modes should be executed once the contact
between the robot and its environment is established/lost, so
the contact detection is imperative [13]. Second, switching
between two different controllers may provoke highly oscil-
latory or, in the worst case, unstable behavior. We have tried
to solve the stated problems by proposing a single control
structure capable of controlling both position and force for
a single-DOF system [14], and this was later generalized
to multi-DOF systems [15]. Based on these findings, a new
control system entitled universal motion controller was pro-
posed [16]. The universal motion controller combines the
position and force control to a single control structure, able
to impose trajectory tracking in free motion and tracking of
a reference force during contact with an environment. The
transition between two control modes (position and force) is
executed automatically. The universal motion controller can
be applied for tasks specified in both the configuration and
task spaces. The application of this control strategy for en-
abling soft actuation that can be applied to bilateral control
and haptic reproduction is given in [17]. We discussed the
construction of a smart actuating system based on the univer-
sal motion controller in [18]. In this article, we want to again
underline the importance of the universal motion controller,
further specify its potential for building a smart actuating
system, and present first experimental results for this con-
troller. In [15], we discussed multi-DOF position/force control
only in the task space, while Uzunovic and Sabanovic [16]
presented the possibility of single control structure for posi-
tion/force control in both the configuration and task spaces,
but without discussing a smart actuating system. Neither of
these papers contained experimental results, and they are for
the first time given in this article. Moreover, this article has
given, in detail, the derivation of the attraction force dynamics
necessary for the derivation of the control algorithm.

The rest of this article is organized as follows. Section II
describes the algorithm of the universal motion controller and
discusses the application of the universal motion controller in

a smart actuating system. Section III presents experimental
results for a smart actuating system. Finally, Section IV con-
cludes this article.

II. ALGORITHM OF THE UNIVERSAL MOTION
CONTROLLER
The algorithm of the universal motion controller is presented
in the first section. First, we will discuss the basic idea of the
algorithm, and then, the model and disturbance compensation
for the controlled system will be presented, while the mathe-
matical formulation of the algorithm will later be given.

A. BASIC IDEA OF THE ALGORITHM
Let us assume that a robot is operating in an unstructured
environment, and it is required to track a reference trajectory.
In the free motion, the robot is controlled to enforce its conver-
gence to the reference trajectory. However, during its motion,
the robot may come into contact with an obstacle (human or
some passive object) in the environment. Once the contact
is established, the robot needs to be controlled to maintain
the contact force at a desired level. The desired level may be
the reference force or even the maximum allowed force. The
maximum value may be selected to ensure safe operation and
to avoid injury to humans in the environment or damage to the
robot. Looking from the control point of view, during the free
motion, the robot’s position should be enforced to converge
to the reference trajectory; during the contact, the robot’s
position should be modified to track the reference as much as
possible, while keeping the contact force at the desired level.
It means that the tracking of the reference may be possible
in certain directions but impossible in the direction of the
contact force. Thus, the control (input) force for the robot in
the free motion is selected based on the discrepancy between
its current and reference position. On the other hand, during
the contact, the robot is required to modify its trajectory based
on the current and reference interaction force. One needs to
find a way to make the input force a function of the position
and its reference in the free motion, but a function of the
position, force, and their references during the contact. That is
the basic idea of the universal motion controller’s algorithm.

B. MODEL AND DISTURBANCE COMPENSATION
The controlled mechanical system will be denoted as a robot
in the subsequent derivation. The robot is assumed to be a
fully actuated mechanical system with n DOFs. The dynamics
of the robot in the configuration space is described by [10]

A(q)q̈ + b(q, q̇) + g(q) + Te = T (1)

where [q1 q2 . . . qn]T = q ∈ Rn×1 is the n-dimensional con-
figuration vector; A(q) ∈ Rn×n is the symmetric positive-
definite inertia matrix of the robot; b(q, q̇) ∈ Rn×1 stands for
the Coriolis forces, viscous friction forces, and centripetal
forces; g(q) ∈ Rn×1 represents the vector of gravity forces;
Te ∈ Rn×1 models other external forces acting on the robot;
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and T ∈ Rn×1 is the input force (i.e., control) vector. Te rep-
resents the interaction forces that appear due to contact with
the environment.

In many scenarios, the exact value of the inertia matrix is
either difficult to calculate or even unknown beyond certain
accuracy due to machining intolerances. Therefore, without
loss of generality, one may assume the inertia as the sum of
its nominal value An(q), which is assumed to be known, and
the unknown variation �A(q), as A(q) = An(q) + �A(q).
Typically, forces b(q, q̇), g(q), and Te are difficult to model
or measure; later, they are assumed to be unknown. Hence,
one can rewrite the dynamics (1) in the following alternative
form:

Anq̈ = T − Tdis, Tdis = b + g + Te + �Aq̈. (2)

In (2), Tdis stands for the total disturbance force in the con-
figuration space. Here, the explicit dependence of An(q) on
q is omitted for shorter writing. The omission of explicit
dependence (q) will also be made in the remaining text for
simpler analysis.

Under the assumption that accurate information of the
configuration space velocity q̇ is available (measured or es-
timated), Tdis can be estimated using the classical first-order
disturbance observer (DOB) [11], [19], [20], implemented as
suggested in [10], but for multi-DOF systems as given in [21]

żd = Ld A−1
n (T − zd + Ld q̇)

T̂dis = zd − Ld q̇ (3)

where Ld ∈ Rn×n is a constant diagonal matrix containing
the gains of the DOB, while Tdis + Ld q̇ = zd ∈ Rn×1 is the
intermediate variable in the disturbance estimation.

The input force T can be given as

T = Anq̈des + T̂dis (4)

where q̈des is the desired configuration space acceleration.
The form (4) is a classic solution in the acceleration control
framework [10]. The selection of the desired acceleration q̈des

can be made based on the task to be executed. Substituting (4)
into (2) gives

Anq̈ = Anq̈des +
(

T̂dis − Tdis
)

︸ ︷︷ ︸
εdis

(5)

which is equivalent to

q̈ = q̈des + A−1
n εdis. (6)

Here, εdis represents the error in disturbance estimation in the
configuration space. Perfect disturbance estimation ensures
‖εdis‖ → 0. Therefore, the selection of q̈des has to be made
according to the given task, which modifies (6) to q̈ = q̈des.

FIGURE 1. Basic idea of the algorithm.

C. UNIVERSAL MOTION CONTROLLER IN THE
CONFIGURATION SPACE
It is assumed that the robot is required to track the reference
qref(t ) ∈ Rn×1, which is a two times differentiable vector-
valued function of time. During the contact motion, however,
a nonzero interaction force Te appears in the configuration
space, which should be controlled to track a differentiable
vector-valued reference force function of time Tref

e (t ).
The position tracking error in the configuration space can

be given as

eq = q − qref. (7)

Control input should then be selected to guarantee the conver-
gence of the robot position q to the reference trajectory qref.
In order to enforce the convergence, one can introduce the
attraction force σq in the configuration space. The attraction
force moves the current state of the robot to the desired state
and attains a zero value if the robot is in the desired state.
Since the robot can be moved only by the effect of T, the
input force T can then be expressed as a function of σq.
For trajectory tracking tasks, an apparent solution is to have
σq = Iėq + Cqeq, where Cq is a diagonal matrix with positive
elements with I representing the identity matrix. It is assumed
that entries of I and Cq have specific units, such that σq has
the dimension of force in the configuration space. Therefore,
for simplicity, the identity σq = ėq + Cqeq will be used in the
remaining text. This definition of the attraction force implies
that the attraction between the reference qref and the current
q position is modeled with a spring–damper dynamics, as
illustrated in Fig. 1. On the other hand, during an interaction
with the environment σq should depend on the nonzero inter-
action force Te. The physical interpretation of this approach
represents the modification of the robot’s motion profile (red
part of the reference in Fig. 1). Once the reference trajectory
is modified, the magnitude of eq increases. An uncontrolled
increase of the interaction force σq has to be restricted, pre-
venting an uncontrolled increase in the input force T and, thus,
a potential damage on the robot or its environment. Yet, if the
magnitude of σq depends on Te and Tref

e , it will be possible to
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have a definition of the attraction force σq for both the position
and force control tasks.

The interaction force in the configuration space can be
modeled as

Te =
{

0,

De (q̇ − q̇e) + Ke (q − qe) ,

no contact
in contact

(8)

where Ke = Ken + �Ke and De = Den + �De denote the
stiffness and damping coefficients of the environment at the
interaction point, respectively, while qe = [qe 1 qe 2 . . . qe n]T

denotes the position of the environment. In the rest of the text,
the term environment position will refer to the position of the
contact point that belongs to an obstacle. The precise values
of De and Ke are, in general, unknown. Hence, in (8), Ken

and Den, respectively, stand for the known nominal values of
the stiffness and damping coefficients. On the other hand, the
terms �Ke and �De represent the unknown variations around
the assumed nominal values of the stiffness and damping,
respectively. It is important to note that the identity (8) may
result in positive and negative values for the constituents of the
interaction force during the contact. The alternation of the sign
denotes the alternation of the force direction. Thus, each com-
ponent of the interaction force can have a positive reference
T ref

e i+ > 0 and a negative reference T ref
e i− < 0 (i = 1, 2, . . ., n).

Depending on the given task, the positive reference can co-
incide with the interaction force resulting from a positive
i-direction motion, and a similarly negative reference may
coincide with the interaction force with the opposite direction.

Here, one can define the necessary intermediate variable
ηq, which represents componentwise saturated attraction force
defined for pure trajectory tracking tasks. The limits of ηq

depend on the reference interaction force whose components
are

η
q
i =

⎧⎨
⎩

ėq
i + cq

i eq
i , if − ρT ref

e i+ < ėq
i + cq

i eq
i < −ρT ref

e i−
−ρT ref

e i− , if ėq
i + cq

i eq
i ≥ −ρT ref

e i−
−ρT ref

e i+ , if ėq
i + cq

i eq
i ≤ −ρT ref

e i+
.

(9)

In (9), eq
i is the ith component of eq, cq

i > 0 represents the
entries of the diagonal matrix Cq, and ρ > 0 is a constant.

Finally, the attraction force σq can be given as

σq = [
σ

q
1 σ

q
2 . . . σ q

n

]T = ηq + ρTe. (10)

During the implementation, the attraction force attains a zero
value if the controlled system reaches the desired state. Con-
sequently, the control algorithm is designed to enforce σq

converge to zero [16].
The dynamics of the ith σ

q
i component of σq is given as

follows:

σ̇
q
i = q̈i − q̈ref

i + cq
i ėq

i

+ ρṪe i, if − ρT ref
e i+ < ėq

i + cq
i eq

i < −ρT ref
e i− (11)

σ̇
q
i = ρDeq̈i − ρDeq̈e i

+ ρKe(q̇i − q̇e i ) − ρṪ ref
e i−, if ėq

i + cq
i eq

i ≥ −ρT ref
e i−

(12)

σ̇
q
i = ρDeq̈i − ρDeq̈e i

+ ρKe(q̇i−q̇e i )−ρṪ ref
e i+, if ėq

i +cq
i eq

i ≤−ρT ref
e i+ .

(13)

A general form, considering each of these cases, would be

σ̇
q
i = αi

(
q̈i − σ̇ d

i

)
(14)

where αi and σ̇ d
i are

αi =
⎧⎨
⎩

1 , if − ρT ref
e i+ < ėq

i + cq
i eq

i < −ρT ref
e i−

ρDe , if ėq
i + cq

i eq
i ≥ −ρT ref

e i−
ρDe , if ėq

i + cq
i eq

i ≤ −ρT ref
e i+

(15)

σ̇ d
i = q̈ref

i − cq
i ėq

i − ρṪe i

if − ρT ref
e i+ < ėq

i + cq
i eq

i < −ρT ref
e i− (16)

σ̇ d
i = q̈e i − KeD−1

e (q̇i − q̇e i ) + D−1
e Ṫ ref

e i− ,

if ėq
i + cq

i eq
i ≥ −ρT ref

e i− (17)

σ̇ d
i = q̈e i − KeD−1

e (q̇i − q̇e i ) + D−1
e Ṫ ref

e i+

if ėq
i + cq

i eq
i ≤ −ρT ref

e i+. (18)

In general, for the dynamics of σq, one can write

σ̇q = α
[
q̈ − σ̇d

]
. (19)

Considering (19), as well as (6), the dynamics of the attraction
force can be written as

σ̇q = α
[
q̈des − σ̇dis

(
q, qref, qe, Te, Tref

e , ρ, εdis

)]
. (20)

The loop gain matrix α = diag(α1, α2, . . ., αn) is a diagonal
matrix whose ith element αi modifies depending whether the
related ith component η

q
i of ηq has reached its limit values or

not. If η
q
i reaches −ρT ref

e i− or −ρT ref
e i+, then αi = ρDe; other-

wise, αi = 1. Assuming available nominal value for De, one
can have the same dynamic model for (20) except that αi =
ρDen when η

q
i reaches −ρT ref

e i− or −ρT ref
e i+. For ρ = D−1

en , α is
an identity matrix. Here, it should be emphasized that the loop
gain changes depending on ηq; hence, the system may show
oscillatory behavior if the control gains of the controller are
not chosen properly. Generally, ρ should have a small value
for hard contacts.

When σq is available, σ̇dis can be estimated using the same
approach as in (3)

żσ = Lσ α
(

q̈des − zσ + Lσ σq
)

ˆ̇σdis = zσ − Lσ σq (21)

where Lσ ∈ Rn×n represents the gain matrix of the observer
given as a constant diagonal matrix, and σ̇dis + Lσ σq = zσ ∈
Rn×1 stands for the intermediate variable in the estimation.

When ˆ̇σdis is available, one can select q̈des as

q̈des = ˆ̇σdis − α−1�(σq ) (22)
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where

σ̇q + �(σq ) = 0 (23)

defines the desired first-order dynamics of σq. The possible
solutions are as follows.

1) For exponential convergence, one should select

�(σq ) = Kσq (24)

where K is a constant diagonal matrix with positive
entries.

2) For finite-time convergence

�(σq ) = K

⎡
⎢⎢⎢⎢⎣

(
abs

(
σ

q
1

))β
sign

(
σ

q
1

)
(
abs

(
σ

q
2

))β
sign

(
σ

q
2

)
...(

abs
(
σ

q
n
))β

sign
(
σ

q
n
)

⎤
⎥⎥⎥⎥⎦ , 0 ≤ β < 1

(25)

where β = 0 enforces the sliding-mode control and 0 <

β < 1 provides a finite-time convergence with continu-
ous control signal.

D. UNIVERSAL MOTION CONTROLLER IN THE TASK SPACE
In a wide range of applications, the desired operations of the
robot are defined in the task space. The execution of the goals
may require the task space position x(q) ∈ Rm×1 to track
the reference trajectory xref(t ) ∈ Rm×1. The interaction force
in the task space Fe ∈ Rm×1, on the other hand, should be
controlled to track its reference Fref

e ∈ Rm×1 in the contact
motion.

The design procedure of the controller depends on the cal-
culation of the attraction force σx in the task space. The task
space position tracking error can be given as

ex = x − xref. (26)

The intermediate variable ηx with the components (i = 1,

2, . . ., m) can then be calculated using the following formu-
lation:

ηx
i =

⎧⎨
⎩

ėx
i + cx

i ex
i , if − ρF ref

e i+ < ėx
i + cx

i ex
i < −ρF ref

e i−
−ρF ref

e i− , if ėx
i + cx

i ex
i ≥ −ρF ref

e i−
−ρF ref

e i+ , if ėx
i + cx

i ex
i ≤ −ρF ref

e i+
(27)

where ex
i represents the ith component of the vector ex , cx

i
stands for the positive diagonal entries of the diagonal matrix
Cx, and ρ is a positive constant. The attraction force σx is then
given by

σx = [
σ x

1 σ x
2 . . . σ x

m

]T = ηx + ρFe. (28)

The calculated forces can be transformed from the task
space to the configuration space using the transposed Jacobian
matrix JT, where J = ∂x

∂q ∈ Rm×n. Hence, the attraction force
for the configuration space can be calculated from

σq = JTσx. (29)

Once σq is obtained, the rest of the control design procedure
can be handled similar to the configuration space calculations
as explained in the previous section.

It is important to highlight here that the universal motion
control algorithm is based on the attraction force σq. Assum-
ing a task being defined directly in the configuration space,
calculation of σq can be directly made using the measured
and reference variables. On the other hand, the tasks defined
directly in the task space require the calculation of the at-
traction force in the task space (i.e., σx), which can then be
transformed to the joint space attraction force using the trans-
posed Jacobian. In other words, the universal motion control
algorithm always required the attraction force σq, which is de-
fined in the configuration space. It is not of a great importance
for the controller’s performance whether the attraction force
is directly obtained from the configuration space variables or
obtained from the task space variables and mapped to config-
uration space with proper transformations.

The smart actuation scheme detailed in this article refers to
a system, which can be used in a plug-and-play form for an
arbitrary manipulator with proper sensor interface. The con-
trol system designer needs to provide the necessary position
and force references and define the proper transformations
between the configuration and task spaces. More specifically,
the transposed Jacobian JT is necessary for mapping the task
space attraction force σx to the configuration space attraction
force σq.

Fig. 2 shows a depiction of the smart actuating sys-
tem functional for the task space control; however, even
a simpler structure can be depicted for the configuration
space control. As also shown in that figure, the control
system designer needs to provide trajectory reference xref

and force reference defined by Fref
e − = [F ref

e 1−. . .F ref
e m−]T and

Fref
e + = [F ref

e 1+. . .F ref
e m+]T. Moreover, the transformation of po-

sitions/velocities and forces from the configuration space to
the task space has to be defined, from which one can obtain
the transposed Jacobian.

Besides the transformations, the designer has to define sev-
eral control parameters: An, nominal inertia matrix; Ld , gain
matrix for the configuration space disturbance estimation; Lσ ,
gain matrix for the estimation of σ̇dis; Cx, for ηx calculation;
ρ, for σx calculation; and Den, nominal value of the damping
coefficient of the environment. It is important to note that
nominal inertia matrix can be evaluated using some of the
identification approaches. One of them, offering a real-time
identification approach, is given in [22]. Provided with these
parameters, the smart actuating system will be capable of
enforcing the tracking of the free motion position and the
contact motion force references in a unified structure.

III. EXPERIMENTAL VALIDATION
A. EXPERIMENTAL SETUP
The proposed algorithm is validated on an experimental setup
consisted of a pantograph robot mechanism and several ob-
stacles with different geometries acting as the environment.
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FIGURE 2. Smart actuating system.

FIGURE 3. Dimensions, axes assignment, and workspace illustration of the
pantograph robot.

The robot contains two brushless dc motors from Faul-
haber 3242G012-BX4 series. The motors have integrated
incremental quadrature encoders with 10 000 lines/rev res-
olution and backdrivable zero-backlash gearboxes with a
reduction ratio of 1:19. Combined with the gearboxes, the
resolution of the motion at the output shaft of these actu-
ators becomes 0.000473◦. The motors are powered by two
Faulhaber MCBL-3006S series drivers, which are configured
for operation in the current control mode. The dimensions
and the workspace of the robot, the relative position of the
environment, and the assignment of the axes are illustrated
in the drawing given in Fig. 3. The implementation of the
proposed algorithm is made using C coding on a real-time
programmable logic controller (PLC) system from B&R 1586
series . The code is executed with a sampling period of 200 μs
(i.e., with a loop frequency of 5 kHz). The estimation of the
contact force is realized by the reaction force observer algo-
rithm [23] after proper transformations using the transposed
Jacobian of the corresponding kinematic chain. Referring to
Fig. 3, the base length and the lengths of the arms are, respec-
tively, measured as h = 0.09 m and l1 = 0.15 m, l2 = 0.20 m.
For the sake of completeness, a photo of the experimental
setup is also shown in Fig. 4 .

FIGURE 4. Photo of the experimental setup.

B. EXPERIMENTAL RESULTS
In order to better illustrate the performance of the proposed
algorithm, the experimental validation is made using three
different experiment configurations. In each configuration,
different obstacle geometries and references for positions and
forces are used. The details related to these configurations
are as follows. In the first experiment (i.e., Exp-1), a flat
environment geometry is chosen, and sinusoidal position and
force references are preferred. This experiment specifically
addresses the basic transitions between force and position
control modes of the proposed algorithm. In the second exper-
iment (denoted as Exp-2), a circular environment geometry
is used. The reference position profile is selected such that
the force control mode is triggered during continuous position
tracking over the curved surface. The third experiment (i.e.,
Exp-3) is configured to contain a triangular edge profile in
the environment. Here, the same position profile is preferred,
while the force reference is increased to illustrate successful
transition to force control right at the corner point of the
environment. The values of the control parameters used in the
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FIGURE 5. Experimental results with different environmental geometries. Row-1: Pictures of the experimental setup. Row-2: Cartesian position
responses along with the obstacle positions. Row-3: x-direction position and interaction force responses. Row-4: y-direction position and interaction
forces. The columns correspond to the experiments with flat (A), round (B), and inclined (C) geometries for the selected environment.

experimental validation are listed in Table 1. The controller
gains are empirically tuned to catch the desired performance
characteristics.

The results of the first experiment are given in Fig. 5. In
that figure, the first row shows the pictures of the selected
environment profiles. The second row illustrates the Carte-
sian position reference and responses for each experiment,

whereas the third and fourth rows depict the position and
force responses of the x-axis and the y-axis, respectively.
Each column of Fig. 5 corresponds to one of the experiment
configurations described above.

The responses shown in Exp-1 (B) show that the robot
tracks the reference in the free motion. When it comes in
contact with the environment, it is able to track its reference in
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TABLE 1. Parameters Used in the Experiments

the x-direction [see Exp-1 (C)]. However, when the reference
trajectory goes “behind” the environment (i.e., beyond the ini-
tial contact point along the axis of motion), the tracking is lost
in the y-direction, the controller switches to the force control
mode, and interaction force can now be controlled in this
direction. Exp-1 (D) depicts successful force tracking in the
y-direction during the contact motion. Overshoot in the force
response during the establishment of the contact between the
robot and environment is expected, and it is the impact force
that appears during contact with a stiff environment. Nonzero
measured force during the free motion is the consequence of
the usage of reaction force observer. Since this article is not
concerned with high precision force measurement, this kind
of behavior is acceptable. Superior force measurement would
provide much better force responses.

The results of the second experiment are provided in
Fig. 5, Exp-2 (B) to Exp-2 (D). The environment had a
curved shape in this experiment. The robot is able to track
the reference in the free motion [see Exp-2 (B)]. When the
robot establishes contact with the environment, the reference
tracking is maintained in the x-direction [see Exp-2 (C)].
Nevertheless, when the reference trajectory goes “behind” the
environment, the tracking is lost in the y-direction (around
1.8 s). The control algorithm automatically switches to the
force control mode, and interaction force is controlled in
this direction. Exp-2 (D) shows successful force tracking
in the y-direction during the contact motion. Overshoot
in the force response during the establishment of the
contact between the robot and environment and nonzero
measured force during the free motion appears again for the
aforementioned reasons.

The results of the third experiment are provided in Fig. 5,
Exp-3 (B) to Exp-3 (D). The environment shape was now
changed with respect to the previous experiment. The robot
converges to and tracks the reference trajectory in the free
motion [see Exp-3 (B)]. When it comes into contact with
the environment, the reference tracking is preserved in the x-
direction [see Exp-3 (C)]. On the other hand, as the reference
trajectory goes “behind” the environment, the tracking is lost
in the y-direction. The control algorithm switches to the force
control mode, and the interaction force is controlled in the
y-direction. Exp-3 (D) shows successful force tracking in the
y-direction during the contact motion. Overshoot in the force
response during the establishment of the contact between the

robot and environment and nonzero measured force during the
free motion appears for the aforementioned reasons.

IV. CONCLUSION
This article presented and validated a unified control strategy
that enables the implementation of a smart actuating system
for service robots. The control strategy realized the position
and the force control modes using a single control structure,
in both the configuration and task spaces. Switching between
the free motion and contact motion modes was performed au-
tomatically, without the requirement for a specific algorithm
to detect the contact with an object. The actuating system,
enabled by the control algorithm, can be applied in a plug-and-
play fashion for an arbitrary mechanical system (robot). The
proposed algorithm required from the designer a few control
parameters and measured and reference values, which makes
it easy to tune and, hence, be directly applied for most of the
motion control tasks demanded from service robots.
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