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Abstract— Humans explore and adapt neuro-motor strategies
to cope with limitations of multi-joint impedance regulation
mechanism. For instance, predictive control of degrees of re-
dundancy further regulates the endpoint impedance in addition
to co-contractions. Inspired by these observations, this paper
proposes a novel Tele-Impedance algorithm that replicates the
human’s arm endpoint stiffness in robot by controlling the
common-mode and configuration-dependant stiffness. Design of
the controller and its stability is addressed and experimentally
evaluated in robotic peg-in-hole task. Results of the proposed
method are compared to the ones derived from Tele-Impedance
implemented using classical Cartesian stiffness control. The
interaction performance achieved highlights the possibility of
adopting common mode stiffness in robots with adequate
degrees of redundancy, in order to realize the desired task
space impedance.

I. INTRODUCTION

Humans demonstrate versatile and stable interactions wi-
th uncertain environments, exploiting learnt motor skills.
Incorporation of such skills in modulation of mechanical
properties of the human arm provides the possibility to
confront environmental displacements by generating efficient
and task-related restoring forces [1]. Modulation of such
elastic forces is accomplished by adjustment of the stiffness
properties of the muscles acting on the joints. Qualitative
representation of the human endpoint stability in a certain
posture is performed by the stiffness ellipsoid [2]. It has
been observed that the size of the endpoint ellipsoid can be
modulated by co-activation of agonist-antagonist muscles.
However its orientation is severely constrained [3]. These
observations imply that humans do not have voluntary and
independent control over stiffness profiles of the arm joints.
As a result, human arm endpoint will be less stiff in certain
directions than others. In order to compensate for this inef-
ficiency, self-selected postures further regulate the direction
of the endpoint ellipsoid to meet task requirements. Indeed,
contribution of the predictive postural control to mechanical
stability in humans is shown to be more effective than the
role of co-contraction [4], [5]. However, postural adjustments
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are extremely limited by the task constraints and mainly rely
on the kinematic redundancy.

Replication of human-like impedance regulation mechani-
sms in robots can permit them to safely and efficiently opera-
te in unstructured environments under unpredicted interaction
scenarios. Traditionally, the implementation of impedance
regulation in robots is achieved by introduction of torque
controlled robots which can regulate actively their stiffness
or full impedance properties by active control techniques
[6]. More recently, developments of actuation systems which
inherently integrate physical principles such as variable stiff-
ness and damping [7], [8], [9], [10] permitted the intrinsic
regulation of the robot impedance. Other studies explored
the kinematic redundancy to regulate the endpoint stiffness
profile. In the work of [11], based on a desired endpoint
stiffness matrix, the joint stiffness levels were optimized and
kept fixed. Consequently, a nullspace optimization algorithm
(in less realtime planning layer) was adopted to additionally
reduce the endpoint stiffness error. The minimum number
of kinematic degrees of redundancy in order to replicate the
desired full stiffness matrix was deeply discussed.

However, the impressive interaction skills of humans, in
spite of the limited abilities of voluntary and independent
control of joint stiffness profiles, propounds an insight for
minimum kinematic and dynamic requirements in favor of
robot’s controller design. Towards this aim, one might be
inspired by the neuro-motor policies for joint and endpoint
stiffness modifications. For instance, concerning human arm
postural stability, stiffness changes over shoulder and elbow
joints are correlated [3], [12]. This observation provides the
idea of adopting a common mode stiffness (CMS) across
the joints and combine it with control of configuration
dependant stiffness (CDS) to realize the desired endpoint
stiffness. Larger number of degrees of kinematic redundancy
(depending on the robot kinematics and task constraints),
can lead to more accurate replication of the desired endpoint
stiffness.

Inspired by above observations, in this paper we investi-
gate the efficiency of a CMS-CDS controller in a robotic
peg-in-hole task. The Human’s task-related stiffness profile
in addition to Cartesian position/orientation trajectories are
replicated in the slave robot, using Tele-Impedance control
[13]. Tele-Impedance as an alternative method to unilateral
position based control or bilateral force reflecting control was
previously proposed during teleoperated tasks which require
significant dynamics variation or being performed in uncer-
tain remote environments. The algorithm provides the robot
with task-related stiffness profile in addition to position-



orientation trajectories. The initial Tele-Impedance control
[13], exploited traditional Cartesian stiffness control in order
to realize the desired endpoint stiffness. Instead, in this paper,
a novel human inspired real-time CMS-CDS controller is
designed and implemented. The algorithm simultaneously
regulates the CMS and CDS based on the error between
time-varying desired stiffness matrix and the realized one
at the robot endpoint. The results of the implementation of
the CMS-CDS controller are experimentally evaluated in a
peg in the hole task and compared to those derived from
implementation based on the active cartesian control of the
endpoint stiffness matrix.

The paper is structured as follows; section II presents
the estimation of human arm impedance in 3D space and
the identification-calibration process. Section III presents the
design of the CMS and CDS controller. The experimental
setup and results of the robotic peg-in-hole task by means of
Tele-Impedance implemented using the proposed CMS-CDS
controller and Cartesian impedance control are introduced in
section IV and V respectively. Finally section VI addresses
the conclusions.

II. HUMAN ARM IMPEDANCE MODELING IN 3D

Quantitative analysis of the mechanical properties of the
human arm, when it comes to a contact with environment is
commonly performed by means of imposing known displace-
ments and probing the resulting steady state force response
[2], [1]. However, the accurate and reliable application of
perturbation in impedance estimation can be problematic
when real-time estimation of the human arm impedance is
required, especially during execution of constrained tasks.
As a consequence, our previous studies were devoted to
realize task-oriented profiles of the endpoint arm stiffness
and force by means of corresponding patterns of activations
in the involved muscles [13].

In our model, based on the fact that agonist-antagonist
muscle co-contractions affect and modify the overall stiffness
and viscous profiles of the arm endpoint and the linear depen-
dency of force/stiffness to muscular activation/coactivations
[14], [15], the overall mapping between muscular activities
and resulting arm endpoint force (7r) and stiffness (7y)
in Cartesian coordination and around equilibrium position
(close to isometric condition) is described by
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where F,0 € R? are the endpoint force and stiffness
vectors, respectively, op is the intrinsic stiffness in relaxed
conditions, and P € R” is the vector of muscular activities
of the n considered muscles, as obtained from preprocessing
EMG signals from electrodes applied on each muscle.

The end-point impedance can be modeled by three compo-
nents, depending on posture, force, and co-contraction. While
the first two components may be large and even dominating
[5] in a large enough range of variations, literature also
reports the existence and independence of co-contraction

contribution to stiffness. Consequently, we consider a de-
composition of the vector of muscular activations P in a
force—generating component Pr and a stiffness—regulating
component P;. For the first-order linearized model (1), we
write

P=TET P+ (I-TFTr) P Pr Py

where Tlée denotes a right-inverse of Tf, i.e. a n X 3 ma-
trix such that T;rTlée =1, the 3 x 3 identity. The stiffness-
generating component P; is a projection of the measured
EMG vector P in the kernel of the force-generating map Tr.
An alternative description of P, can be given as follows.
Let Nr denote a basis matrix for the kernel of Tr, and
let A = N,?P/C = QP be the coordinates in that basis of P,

where QO o N (I fTﬁTF). Using this model of stiffness
regulation, we write

c—0yp=MsQP 2)

where My denotes the mapping from the kernel of Tr to
stiffness variations. The map My needs to be identified and
calibrated once, based on direct measurements of human
arm end point stiffness, at different coactivation levels as
described in [13].

Inadequacy of this model for 3D stiffness estimation
in whole human arm workspace (far from the reference
posture) is the main disadvantage of proposed algorithm.
Furthermore, force-related stiffness component of the model
must be considered in tasks where large forces are realized
at the contact point of the human arm. However, as far as
the tasks to be performed by the master arm remain in a
vicinity of the static posture in which the parameters are
estimated, and the human arm is not applying external forces,
the approach provides a reasonable approximation of the
endpoint stiffness profile in real time.

Stiffness Model Calibration-Identification: One healthy
subject (male; age 27) participated in the identification-
calibration experiments. The subject stood upright with the
feet side—by—side in front of a robotic arm. The robot arm
was equipped at the endpoint with a handle connected to
a 6-—axis force and torque (F/T) sensor (ATI Mini-45). A
passive spherical joint was used to connect the center of the
handle to the F/T sensor to prevent the exertion of torques
by the subject (see fig. 1). Displacements of the human
arm at its endpoint (considered as the wrist center) were
tracked by an Optitrack system (Natural Point, Inc.), with a
nominal resolution of 0.02 mm. Optical markers were also
placed at the shoulder and elbow of the subject’s arm. Both
force and position measurements were acquired at a sampling
frequency of 200 Hz, and filtered by a low-pass Butterworth
filter with cutoff frequency 15 Hz to eliminate noise.

Eight dominant muscles acting on elbow and shoulder
joints (see Table I) were chosen as the sources of surface
electromyograms (EMGs) recordings. The analogue EMG si-
gnals were measured and amplified with a Delsys-Bagnoli 16
(Delsys Inc.) apparatus. The acquired signals were band-pass
filtered in the frequency range [20,450] Hz. The resulting



EMG signals were subsequently sampled at 2 kHz (PCI-
6220, National Instruments) and full rectified for further
processing. A digital non-causal FIR linear phase low-pass
filter was used for the detection of the envelope of the signal,
which approximately corresponds to muscle activity.

Fig. 1: Experimental setup used for the calibration experiments. Ca-
libration consists of force regulation and perturbation experiments.

TABLE I: Muscles used for EMG measurements

Extensors
Monoarticular Biarticular

Flexors

Monoarticular Biarticular

Deltoid clavicular

part (DELC)
Pectoralis major
clavicular part (PMJC)
Brachioradialis
(BRAD)

Biceps long
head (BILH)

Deltoid scapular
part (DELS)
Triceps lateral
head (TRIA)
Triceps medial
head (TRIM)

Triceps long
head (TRIO)

The robotic arm used is a seven degrees-of-freedom (DoF)
KUKA LWR with DLR’s Fast Research (FR) Interface [16].
The data acquisition and synchronization interface between
the KUKA controller, the EMG acquisition board, the Opti-
track position streaming data, the six axes F/T sensor were
developed in C++.

The subject performed two identification experiments.
Initially, the force—generating map 7, was estimated and
a basis of its nullspace and the projector matrix Q used in
(2) were computed (see [13] for details). In a second set
of experiments, aimed at estimating the stiffness—regulating
map My, we applied continuous stochastic perturbations to
the subject’s hand through the KUKA LWR handle in x,
y and z directions in order to minimize voluntary stiffe-
ning behavior of the subjects arm [3]. The amplitude of
the applied perturbations had the peak-to-peak value of 20
millimeters in each direction. Frequency spectrum of the
perturbations were flat while decaying at the rate of 40 dB/Hz
in frequencies higher than 4 Hz. This perturbation profile and
corresponding forces in response, ensure adequacy of data for
the identification of endpoint dynamics. Perturbations were
applied at different co-contraction levels of the human arm.
A rough stiffness indicator was graphically shown consisting
of a bar of length proportional to the norm |P| of the vector
of muscle activations. Four different stiffness reference levels
were provided in different trials.

The estimation of the endpoint stiffness in different trials
was performed based on the measurement of correspon-
ding pairs of forces and positions at the subject’s wrist,
following standard methods (see e.g. [3]). For this rea-
son, multiple—input, multiple—output (MIMO) dynamics of
the endpoint impedance was decomposed into the linear
subsystems associating each input to each output. Based
on this assumption, and indicating with Fy(f), F,(f) and
F,(f) the Fourier transforms of the endpoint force along the
axes of the cartesian reference frame, with x(f), y(f) and
z(f) the transforms of the human endpoint displacements,
the dynamic relation between the displacements and force
variations can be described by

Fx(f) Gxx(f) ny (f) ze(f) x(f)
E(f)]| = |Gu(f) Gw(f) Gu(f)| [¥(f) 3)
F(f) Gu(f) Gu(f) Ga(f)] |z(f)

A non-parametric algorithm was adopted to identify the
empirical transfer function of each of the SISO subsystems
described above in frequency domain (MATLAB, The Ma-
thWorks Inc.). The smoothed spectral estimates of input and
outputs (using windowing techniques) were fed to this algo-
rithm in order to identify the each SISO transfer function.
Consequently, we adopted a parametric, second order, linear
model of each impedance transfer function of the type

Gij(s) = I;s* + Bijs + Kij,s = 2nfv/— 1 4)

where I, B and K denote the endpoint inertia, viscosity
and stiffness matrices, respectively. Multiple and partial
coherence indexes were calculated. These indexes investigate
the linear dependency of each output to all system inputs,
and between single input and single output, respectively
(Figure 2). Regarding strong linear dependency of the inputs
and outputs in a certain frequency interval, the parameters of
the second order linear model were identified based on least
squares algorithm in frequency range from O to 10Hz.

Finally, in the postprocessing phase, experimental EMG
vectors P were mapped in the EMG—to—force map nullspace
through the previously computed projector matrix Q. The
elements of the stiffness matrix K were used as estimates
for the components of o, and the map Ms was estimated by
applying a least—squared—error method to (2).
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Fig. 2: Multiple and partial coherence values over frequency.

Figure(3) demonstrates the results of the non—parametric
and second order model identification of the hand impedance
transfer functions in the frequency range from O to 10Hz,



according to methods described above. The second order
parametric impedance models presented (69.7%) of the data
variance across all directions in minimum muscular activity
trials in this frequency interval.
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Fig. 3: Non—parametric (solid lines) and parametric second order
(dotted lines) transfer functions of SISO impedance subsystems
obtained from stochastic perturbations.

III. CONTROLLER DESIGN

In order to realize the human’s desired endpoint stiffness
profile at the slave’s end effector, different strategies might
be exploited. Cartesian impedance control [17] as a well-
grooved technique, establishes a mass-spring-damper rela-
tionship between the Cartesian position and force. Implemen-
tation of such control scenario requires joint torque sensing
and control. Recently the development of robotic systems
equipped with passive variable stiffness actuation introduced
a new design paradigm towards robots with intrinsic variable
joint compliance properties. In these systems, to realize the
full endpoint stiffness matrix the implementation of cross-
joint stiffness must be taken into account in the robot design.
An alternative solution can be provided by designing a hybrid
controller which exploits passive and active control [18]. In
order to further investigate this problem, in this paper, a
human inspired control strategy is proposed.

Previous studies give evidence to common stiffness varia-
tions across human arm joints in static posture [3], [13] and
as a result, stiffness ellipsoid angular changes will be severe-
ly limited. In such situation, secondary but dominant control
strategy which exploits self-selected postures takes role and
modifies the endpoint impedance profile to meet task needs
[4]. Inspired by the superior interaction performance of the
human arm achieved through the regulation of common mode
stiffness and self-selected posture, we suggest and design a
controller which regulates the common mode stiffness across
the joints in addition to a nullspace controller which further
minimizes the error between desired and realized endpoint
stiffness.

Let K be the vector of common stiffness across the joints.
Inspired by the correlation of stiffness changes in human

arm joint as result of co-contractions, we consider a constant
scaling factor across all joints as follows

Ky =J(q)"KiJ(q) (5)

where J denotes the manipulator Jacobian, g is the vector of
joint angles and K, € R®*¢ is the human endpoint stiffness.
The diagonal matrix K, € R"*", with n number of joints in
robot, will be calculated and normalized once and used for
the rest of controller design. As a result K. = k.,;sK; where
kems 1s optimized common mode stiffness in each time step.
One may also consider optimization of constant joint scales
(Ks) based on application and task needs.

In order to realize the desired endpoint stiffness matrix
(Kp,) provided by TeleImpedance algorithm, the following
equation must be satisfied ideally

Ky~ (K It (6)

where J* denotes the pseudo-inverse, generally given by
Jt =D T (ID71JT)~! with D being a positive definite
matrix. For the given problem we set D = K, as a metric
tensor in the pseudo-inverse [11]. In this case if we take the
time derivative of the equation (6), we will get

Kh 2[(J+)TKSJ.+ + (J})TKs-ﬂ»]kcms

. 7
1T KT Veoms ™

where two terms in first bracket of equation (7) being each
others transpose. Definition of derivative of the pseudo-
inverse of jacobian in symbolic equation is problematic due
to its complexity. However, based on a proven theorem [19],
we can establish the derivative of pseudo-inverse of Jacobian
matrix as follows

djt dJ djT
== J T I I N
dt dt dt
T ®
NLi J+ TJ+
INT ()

where N;- and ;N' are the projectors on the orthogonal
complement of the column and row space of J, respectively.

Equation (7) can be factorized with respect to ¢. Therefore,
by reshaping the equation in vector form through the operator
vect(-) (the operator extracts the 21 independent elements of
6 x 6 symmetric matrix), we get

vect{ K} ~2vect{kems[(J7) KsAq + ALK JT]}g

+vect{[(J 1) K" Yeems ©

where A, = %. To simplify the expressions we can in-

troduce J, af vect{kems[(J )T K A, +A;K‘YJ+}} and Jj 4f
vect{[(J*)TKJ*]}. Therefore we can write

Ki = Joq + Jikems (10)

Now, if we take into account that g is allowed to vary
in the nullspace of J, while complying with the prescribed
motion of the end-effector, then we can write

G=J"Kpe,+Ny-24 1)



where K, is the gain matrix for Cartesian position error e,
and A a free parameter controlling the nullspace velocity
component. Above expression is a classical inverse kinema-
tics problem, based on the pseudo-inverse of the Jacobian.
Now, combining equation (11) and (10) we get

Ky = Jy(JT K pep + Ny - L) + Jikems (12)
Defining K, = Ky —JJ T [Kpe,] and J), = JyNst, we can
write

fo=lo )| b= (13)
cms

Above equation resembles the structure of inverse kinematics
problem of defective robots, since we are dealing with the
tracking of Kj, € R?! by using ks and degrees of kinematic
redundancy. Now, by defining the vectorial stiffness error
es = vect{K} — kems[(J7)TKJT]}, we can set up classical
update laws. Consequently, by exploiting the update law
based on the pseudo-inverse of J, we get

y= Jy+ [kh +Kpses} 5

where K, is the gain associated to the stiffness error e.
Stability Analysis: To evaluate the convergence of the
above algorithms, ! we can introduce a Lyapunov candidate

(14)

1 T
V = —el K ey (15)

2
With positive definite and symmetric K, the function will
be positive definite in e;. Time derivative of the function is

V = el KKy — el K psJ ). (16)
By inserting the control law from Eq. (14), we obtain
V = el Kpo(I— I3 Ky — el Kpod Y K pses. (17

In Eq. (17), we can easily recognize some interesting proper-
ties of the two terms. Since Jij is a projector onto the range
space #(Jy) of J, it has the same column space as Jy, that
is Z(JyJ)) = Z(Jy). In fact, a simple SVD decomposition
of J, in the form J, = USVT, with U = [uj up U,), where
u; and up are the unit orthogonal vectors that form a basis
for 2(Jy), results in JyJ;" = uju{ +upul. This also makes
clear that there are two positive and unitary eigenvalues,
corresponding to the eigenvectors u; and up, and the zero
eigenvalue with multiplicity equal to dim(.4" (J}T )) along the
orthogonal complement .4 (JyT ) =2 (U,).

This indicates that the second term is negative definite as
long as K e, € #(Jy), and it vanishes when K se, € c/V(J}T)
On the contrary, the projector (I—JyJ5) is such that the first
term vanishes when K, € Z(Jy) (it is worth observing that
N (I—JyJ} ) =Z(Jy)), while being different from zero with
unspecified sign otherwise. Therefore, we can conjecture that
if the time dependent term K}, is dominated by the second
term (in the cases when K se; ¢ 4'(J1)), then V < 0 and

the local asymptotic tracking is guaranteed.

Iconcerning our experimental setup, we simplify the analysis to two
degrees of redundancy. However, the analysis can be performed in general
case. Alternative solution can be proposed by using Jacobian transpose
instead of pseudo-inverse in eq. (14)

IV. PEG-IN-HOLE EXPERIMENTAL SETUP

Efficiency of proposed approach to cope with contact
stability issues is evaluated in a Peg-in-Hole task, a classical
benchmark for spatial planning with uncertainties. Compara-
tive analysis of the proposed algorithm was performed con-
sidering interaction forces and the realized stiffness matrix
error (ey).

The experimental setup and information flow are shown
in fig. 4. Body markers were attached to the wrist in order to
provide the reference trajectory for robot motion. The robot
base frame was considered as the overall reference frame
for other frames (Optitrack and FT sensor). The position
and orientation path of the human wrist was measured, low-
pass filtered (cutoff 15Hz) and used for trajectory planning.
Incremental joint position references were sent to the robot,
derived from the position tracking errors in six dimensions
(ep). This approach was used to cope with drift and tracking
inaccuracy due to possible delays between reference com-
mands and generated movement in the slave end-effector.
During the experiment, the operator was asked to move
his/her hand to reach the reference configuration (where the
stiffness model is calibrated), and finally to teleoperate the
robot to insert the peg in the hole. The master could see the
slave arm, including the peg and hole. No peg was hold by
the master, nor did he receive any feedback except visual. It
should be noted that in the reaching phase, where stiffness
calibration is not accurate, there are no interactions with the
environment.

The experiment consisted in two parts. In both parts,
human’s equilibrium positions, orientation and endpoint stiff-
ness profiles as estimated by the Telelmpedance algorithm
were sent to remote side. Damping values along x, y, and
z, were set to a constant value of D = [0.7,0.7,0.7] N.s/m.
Further extensions of the TeleImpedance method, providing
the possibility of reproducing the endpoint damping behavior
of the human with the slave robot arm, are possible but have
not been demonstrated yet.

In the first part, human’s endpoint stiffness matrix is rea-
lized by classic Cartesian control [13], while, in the second
part, the proposed CMS-CDS algorithm was in charge of
realizing the desired stiffness in robot’s end-effector. Indeed,
in the second part, both CMS and CDS control inputs are
simultaneously updated based on the error between master’s
time-varying endpoint stiffness profile and the realized one.
All processing and control algorithms were performed in
real-time. Software interfaces, sampling frequencies, and
hardware specifications are all identical to those reported in
the previous section.

V. EXPERIMENTAL RESULTS

The minimum required DoF in order to realize the desired
full stiffness matrix (with 21 stiffness DoF) has bees addres-
sed previously [11]. The larger the number of degrees of
kinematic redundancy the more precise replication of desired
endpoint stiffness can be accomplished. In our experiments,
the KUKA robotic arm with 7 DoF is used. Since the peg-
in-hole task with round peg required 5 DoF, the remaining 3



EMG sensors

Processing

Stiffness
Estimation

sensor

{

Vd
Peg
l Controller

Holg

8

Position
markers

Motion
Planning

Fig. 4: Peg-in-Hole experimental setup. KUKA light weight robotic
arm, EMG electrodes, peg, hole, position tracking markers and F/T
sensor are shown.

DoF (CMS and two degrees of kinematic redundancy), are
the ones used by the controller to realize K; and explore
the role of CMS and CDS regulations in minimization of e;.
Figure (5) demonstrates the effects of CDS controller while
being added to CMS. In this experiment, the human’s end-
point stiffness was estimated once, kept fixed and used during
the whole experiment. As it is shown in the plots, the error
decreases approximately 10%, once the overall controller
(CDS-CMYS) is applied. Figure 6, demonstrates the replicated
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Fig. 5: Normalized error while the desired endpoint stiffness is
fixed. At the beginning of experiment, only CMS is updated. Then
at t >~ 4.2sec, the CDS-CMS controller takes role.

endpoint stiffness ellipsoids of the same experiment, while
exploiting the classical Cartesian stiffness (CSC), CMS-CDS
and only CMS controllers. In this figure, stiffness ellipsoid
in 3D is projected in three planes. As it is shown in the plots,
while the CSC ellipsoids coincide with the desired ones,
effective modifications of ellipsoid geometry is achieved
by proposed CMS-CDS algorithm, even by holding small
number of degrees of kinematic redundancy.

During the peg-in-hole experiments, the master moves
his arm in the space and aligns the peg with the hole
direction with the final posture of master’s arm conforming to
the reference posture. Consequently, the user modulates his
endpoint stiffness by performing co-contractions. Figure (7)
demonstrates the interaction forces between the peg, surface

XY Plane XZ Plane

+csc
- - —cms

250 N/m CMS-CDS

YZ Plane

Fig. 6: Robot endpoint stiffness ellipsoids replicated by Tele-
Impedance under Cartseian stiftness (CSC), CMS-CDS and CMS
controllers. Cartesian stiffness ellipsoids coincide with the desired
ones.

and the hole while Tele-Impedance control replicates the
desired endpoint stiffness at the slave’s end-effector under
Cartesian stiffness (upper plot) and CMS-CDS (lower plot)
controllers. It has been previously shown that while fixed and
high stiffness values produce very high interaction forces,
fixed-low stiffness values cannot overcome frictional forces
between the peg and the hole [12]. For this reason, con-
tinuous modulation of endpoint stiffness is highly required
concerning safety and performance.

As shown in the plots, similar interaction forces are
resulted by Cartesian stiffness and CMD-CDS controllers
during the insertion and pull-off phase. This implies that
the endpoint stiffness profiles of both algorithms resemble,
since they hold approximately the same path of equilibrium
positions. However, while exploiting only CMS instead of
overall CMS-CDS controller, the error sum () es) increased
around 25%. The adaptation of CMS, as result of co-
contractions, during the peg-in-hole experiment is shown in
fig. 8.
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Fig. 7: Interaction forces for peg-in-hole experiments as result of
Tele-Impedance algorithm with Cartesian stiffness control (upper
plot) and CMS-CDS control (lower plot).

It is worth noting that inspired by observations in human
arm impedance regulation mechanism, the purpose of this
study was to explore the single stiffness synergy across the
arm joints. However, one may consider increased number of
controlled joint stiffness values (CMS) to possibly improve
stiffness tracking performance. Eventually, our proposed
CDS controller will be adopted to further reduce the error
between the desired stiffness matrix and the one realized at
the robot endpoint. Such scenario will provide the possibility
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Fig. 8: Eight channel raw EMGs (upper plots) and adapted common
mode stiffness (lower plot).

of design and control of robotic arms with n+ m actuators,
with n and m being number of joints and stiffness synergies,
respectively (where in this work m = 1).

VI. CONCLUSIONS

Inspired by human’s neuro-motor strategies for impedance
control, this work introduced the novel concept of Tele-
Impedance, while exploiting common mode and configura-
tion dependant stiffness control. The initial Tele-Impedance
algorithm [13] provides the robot with the task-related
human impedance combined with the position/orientation
trajectories. This reference command is being executed under
classic Cartesian impedance control. However, in the novel
proposed control methodology, the CMS and CDS are si-
multaneously adapting relying on the error between time-
varying human’s endpoint stiffness and the one, realized
at robot’s end-effector. The controller design and proof of
convergence is discussed and experimentally evaluated in
robotic peg-in-hole task.

Similar interaction performances accomplished by the
proposed algorithm and the classic Cartesian impedance
control based Tele-Impedance gives rise to the idea of control
of single stiffness synergy in addition to the task-oriented
degrees of kinematic redundancy, in order to accomplish
the task. The same but more sophisticated performance is
observed by human since they rely on many degrees of
freedom not only concerning the arm, but the whole body.
Furthermore, humans, if not constrained, move around the
task and predictively choose the best posture to further re-
gulate endpoint impedance. This fact additionally highlights
the use of mobility in addition to the single stiffness sy-
nergy and other kinematic redundancy. We believe that
the human-inspired modulation of the endpoint impedance
during execution of tasks with significant dynamics variation
inquiries can finally permit robots or assistive devices to
reach high interaction performances, and also possibility of
demonstrating a versatile and stable behavior even when
interacting with environments with dynamic uncertainties.
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