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SUMMARY

This paper presents a novel approach for the description of physical human-robot interaction (pHRI)
tasks that involve two-arm coordination, and where tasks are described by the relative pose between
the human hand and the robot hand. We develop a unified kinematic model that takes into account the
human-robot system from a holistic point of view, and we also propose a kinematic control strategy
for pHRI that comprises different levels of shared autonomy. Since the kinematic model takes into
account the complete human-robot interaction system and the kinematic control law is closed loop
at the interaction level, the kinematic constraints of the task are enforced during its execution.
Experiments are performed in order to validate the proposed approach, including a particular case
where the robot controls the human arm by means of functional electrical stimulation (FES), which
may potentially provide useful solutions for the interaction between assistant robots and impaired
individuals (e.g., quadriplegics and hemiplegics).

KEYWORDS: Physical human-robot interaction (pHRI); Functional electrical stimulation (FES);
Kinematic modeling and control for pHRI.

1. Introduction

There is a growing interest in developing robotics systems capable of sharing its workspace along with
humans, or even deliberately establishing physical contact with the user. Indeed, there is an increasing
social demand for the introduction of robots in human environments, where they may assist in the
performance of tasks not taken into account by currently available robotic systems, such as assisting
the physically impaired and the elderly.! From a technological perspective, the research in pHRI
has been supported by advances in robot control, actuator design, and materials technology,? since
human-friendly robots must incorporate different features for an effective pHRI, such as guaranteed
safety and adequate information exchange between human and robot.

A convenient classification of pHRI tasks is based on the level of autonomy assumed by the robot
and the corresponding degree of intervention required for the human.** On the one hand, there
are interactions where the human must teleoperate the robot, possibly by directly controlling each
available degree of freedom (DOF). On the other hand, there are other applications where the robot
has an increased level of autonomy, requiring thus a reduced cognitive effort from the human, who
acts mostly as a supervisor. Between these two extreme cases there are several applications where a
varying degree of shared autonomy is assumed by the human and the robot, which may actually lead
to the establishment of different interaction roles within the task execution.

Another important feature related to pHRI is associated to the interpersonal distance between
human and robot. There may be, for instance, situations where human and robot are not collocated,
but also those scenarios where human and robot are sharing the same workspace, possibly establishing
physical contact. Within the class of applications where human and robot are collocated, there
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are different tasks where the interaction force between robot and human and possibly between
human/robot and manipulated object is of major importance. For instance, in the context of cooperative
carrying, Takubo et al. (2012)’ developed an impedance controller enabling the operator to transport
a large object analogously to the operation of a wheelbarrow, simplifying the cooperative handling,
whereas Mortl et al. (2012)° proposed a role allocation policy in order to distribute the carrying effort
among the participating agents. The purposeful force applied on the human must also be controlled
in rehabilitation robotics applications, such as the one proposed by Krebs et al. (1998),” where the
robot may directly affect patients’ motion in order to help them track a desired trajectory. Since the
contact force must be controlled with precision, a position-controlled could not be applied a priori
in those circumstances, since small disturbances in the positioning could lead to large and dangerous
interaction forces. However, in other applications, despite the constant need for a safe interaction, it
is mainly the relative pose between robot and human that must be controlled. This is the case in the
work of Soyama et al. (2004),® where a manipulator designed to feed subjects presenting upper limb
impairments is described, and also in the work of Chen et al. (2013),” where a mobile manipulator is
used to assist a physically impaired individual in tasks such as shaving.

In both applications where force or position control are required for effective pHRI, the
corresponding tasks must be properly defined in order to be provided for the system controller
to effectively control robots. Although simple verbal task definition is often enough for human
understanding and cooperation, finding precise mathematical task descriptions for robot control may
be a complex procedure. For this reason, despite the large number of works present in the literature
exploring such interactions, usually they are focused on the execution of only specific tasks; for
instance, cooperative carrying, handing over,'? and crank-rotation.!' It may be noted, however, that
a large number of pHRIs may be described by the relative pose between the human hand and the
robot hand. For instance, the task of pouring beverage into a cup can be completely defined by the
geometric relation between the hands. Whenever handing over an object, the phase where the hands
are moving toward each other can also be defined geometrically. For other tasks this description is
not sufficient, since, for example, objects must be picked up before actual manipulation. However,
even in this condition, the cooperative task itself may be described in terms of relative motions.

Considering the aforementioned taxonomy, in this paper we are mainly interested in pHRI tasks
involving shared autonomy and where the task may be defined by the relative pose between human
and robot, instead of being defined by the interaction force. Based on these specifications, the main
goal of this work is to develop an appropriate kinematic model and a kinematic control strategy for
pHRI that comprises different levels of shared autonomy.

1.1. Contributions and organization of the paper

We present a novel approach for kinematic modeling and control of pHRI systems that involve two-
arm coordination and that use as basic description the relative configuration between the human hand
and the robot hand. Since the relative configurations between human and robot are used to describe
the interaction task, the control strategy results in robots performing reactive behaviors; i.e., the robot
adapts its motion in reaction to the human’s in order to obtain effective interaction. Furthermore, the
method may also be applied for tasks requiring different interaction roles; for instance, interactions
that incorporate complete or partial control of human arm, which might be particularly useful for
applications involving physically impaired users.

In previous works, we presented preliminary development of kinematic modeling and control for
pHRI,!? as well as preliminary development regarding FES control of the human arm.'? In the present
paper, we unified the kinematic modeling and control of the interaction system from a more rigorous
theoretical point of view. This development is important because we are able to show that complex
interactions, when appropriately modeled, can be controlled using established control laws. Also,
pHRIs that seem conceptual different can be generally modeled in the same way and controlled using
the same control law. In addition, we also added comprehensive information on the low level control
of the human arm using FES designed for the pHRI experiments described in this work. In particular,
details on the closed-loop control of an antagonist muscle system and the initialization procedure that
increases the overall FES stability are revealed.

The paper is organized as follows: the next section briefly presents the basic mathematical concepts
used in the paper. Section 3 presents the kinematic modeling and control for pHRI, including a unified
approach for two-arm coordination. Section 4 presents the low level control of the human arm by
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means of FES, whereas Section 5 presents the experiments used to validate the proposed techniques.
Last, Section 6 presents the discussion and conclusion, as well as some suggestions of future works.
An appendix was also included in order to present some auxiliary mathematical proofs that were
removed from the main text in order to improve readability.

2. Mathematical Background
A quaternion k consists of a real component plus an imaginary part composed of three quaternionic
units 7, J, k; that is,

h=a+bi+cj+dk,

where a,b,c,d € R, i> = j> =k*> = —1 and 7 jk = —1. Its conjugate is given by h* = a — bi —
cj — dk.

A rotation r, composed of a rotation angle ¢ around the axis n =n,i +n,j + nZIQ, is given by
the unit quaternion

r = cos(¢/2) + sin(¢/2)n.

A translation p is represented by a pure quaternion; that is, a quaternion where the real part is
equal to zero. Thus,

~

p=pii+ pyj + pzk.
The dual quaternion

1
g:r-i—sipr H

represents a rigid motion composed of a translation quaternion p and a rotation quaternion r, where
¢ is Clifford’s dual unit.'"* The conjugate x* of the dual quaternion x is given by

1
x*=r"+e-r*p*.
X + TP
The term that is not multiplied by ¢ is usually called the primary part of the dual quaternion and the
one multiplied by ¢ is called the dual part. Because both primary and dual parts are quaternions, (1)

can be expanded such that a dual quaternion has the form

X = X1 + Xof + x3] + x4k + £(xs + xg7 + x77 + x5k). )

Definition 1. The vec operator performs the one-by-one mapping vec : H — R?; that is,
X1
vecx = | & |,
X8
where x; ... xg are the coefficients of x and H represents the set of dual quaternions.
Definition 2. Considering the dual quaternions x, and x,, the Hamilton operators are the matrices

+ —
H (-) and H (-) that satisfy'>1

vec(x, X,) = IJFJ (x,) vecx, = H (x,) vecx,.

These two matrices in Definition 2 can be found by inspection. The great advantage of using
them is that, although unit dual quaternions do not form a commutative group, Hamilton operators

https://doi.org/10.1017/50263574714000356 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714000356

Kinematic modeling and control for pHRI 317

can be used to conveniently commute dual quaternions in complex expressions. This way, when the

H () operator is used the order of the operands in dual quaternion multiplication is maintained and,
conversely, when the H (-) operator is used the order of the operands in dual quaternion multiplication
is inverted. The Hamilton operators will be particularly useful in the derivations of the kinematic
models for pHRI in Section 3.

When used to represent the robot forward kinematic model (FKM), the dual quaternion x is a
function of the robot joint variables; that is,

x = f(6)

where 6 is the n-dimensional vector of joint variables and f : R" — H. The differential FKM is
given by

vecx = Jé,

where J is the analytic Jacobian which can be found by using dual quaternion algebra.'¢
For a more complete treatment on the use of dual quaternions in robotics, please refer to the works
of McCarthy (1990)!7 and Selig (2005).'4

3. Kinematic Modeling and Control for pHRI

3.1. Kinematic modeling of the human-robot interaction system

In pHRI involving shared autonomy and defined by the relative configuration between human and
robot, tasks are often executed within the two-arm coordination perspective; i.e., the coordination of
movement between two end-effectors. For example, tasks such as handing over, pouring beverage into
one’s cup, and assisted shaving may be defined in this framework. In order to simplify the mathematical
definition of such tasks, in this paper we have chosen to represent the two-arm coordination within
the cooperative dual task-space framework,'® which is based on dual quaternions to represent
the relative configuration between the human hand and the robot hand. Other works also adopted the
relative pose to describe cooperative tasks between manipulator robots,'*2* but to the best of the
authors’ knowledge none of them extended or applied the cooperative manipulation formalism to the
case of pHRI.

In order to represent the human-robot interaction in the cooperative dual task-space formalism, the
arms of both robot and human are considered as manipulators sharing the same workspace and their
end-effector configurations are represented by the dual quaternions x and x7,, respectively, given
with respect to a common frame F+. The task, represented by the relative configuration between the
arms, is given by

Tx . T
£tdsk - xR Xy
(3

:’EH’

where x7* is the conjugate of x%. The advantage of describing the task by using (3) is that it does not
depend on the common frame; that is, it depends only on the relationship between the human hand
and the robot hand. Furthermore, (3) captures the kinematic constraints between the human hand and
the robot hand. The dual quaternions corresponding to the relevant coordinate systems and the task
are shown in Fig. 1.

Thus, given the task x,,,, and the measured poses x% xy and x7 x, ~of the robot hand and the human
hand, respectively, the goal is to make x% Xz *x Xy converge to x,q. This can be accomplished by a
kinematic control law that considers both human and robot as belonging to a single integrated system.
In most cases, where humans behave autonomously, the terms corresponding to the control of human
limbs can be simply zeroed out and the cooperative control law becomes equivalent to a standard
kinematic control law, but which respects the geometric constraints imposed by the cooperative
task. On the other hand, when impaired individuals (e.g., hemiplegics and quadriplegics) interact
with robots, the interaction can be enhanced if the human limbs are artificially controlled, either
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Fig. 1. Coordinate systems used in the cooperative dual task-space.

completely or partially. In these cases, it turns out, as will become evident later in this section, that
kinematic control can be performed as well.

In order to develop appropriate kinematic controllers, let us proceed with the modeling of the
differential kinematics of both human arm, robot arm, and human-robot interaction system.

The differential FKM of the robot arm is given by

.fz’ p
vecx, = Jl;gOR,

where 6 is the vector of joint variables of the robot arm, and J x7 18 the analytic Jacobian of the robot

arm, which can be found by using dual quaternion algebra.!® Analogously, the differential FKM of
the human arm is given by

. tz" p
vecx = J&'{,"H*
in which 0 g is the vector of joint variables of the human arm, and J x7 1s the analytic Jacobian of the
human arm."?

Proposition 1. The unified differential FKM for the human-robot interaction system is given by

vee &task = Jtask0C7 (4)
where x ., is given by (3), 8¢ is the vector of joint variables of the cooperative system; that is,
o Ok
oc 2 [0H] , 5)
and the task Jacobian J g is given by
— +
ALy TRV ©
where
Cg =diag(l,—-1,-1,-1,1, -1, -1 —-1). @)

Proof. Taking the first derivative of (3), one obtains

. o Tx T Tx . T
Xk =Xp Xy T Xp Xy

Ve iy = H (&) vec 5" + H (x§") vee £,
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Fig. 2. Block diagram corresponding to the cooperative control law given by (8). The controller provides joint
velocity vectors for the human arm and the robot arm, which are considered as subsystems of the unified system.

Since vec x5 = J 70, hence vecx = CsJ10. Thus,

— . + .
vec X g = H ({Z) C8J£'§0R +H ('E{Ig*) Jﬂ;eﬂ

— + .
=1 (] Cody B (x) 1] e

O

It is important to note that both J 7 and J ;s are expressed with respect to the common base frame
JFz. The task Jacobian J s, however, is expressed with respect to the task frame Fg.

3.2. Kinematic control of the interaction system
In order to close the loop at the interaction level and considering both human and robot as a unified
interaction system, one can apply the stable control law based on dual quaternions:'®2

oc = J;:skK Vec('ﬁmskd - xlaskm)’ (8)

where x,. ., and x . . are the desired and measured values of the dual quaternions corresponding
to the task, K € R%*® is a positive definite gain matrix, and J |, is the pseudoinverse of the task
Jacobian, which is calculated using the measured joint variables. Alternatively, instead of using the
pseudoinverse of the task Jacobian, one can use techniques that are robust to singularities (e.g.,
damped least-squares inverse, damped least-squares inverse with numerical filtering, etc.2®) Also,
the gain matrix can be chosen according to a H,, robust control criterion.?” The block diagram
corresponding to (8) is shown in Fig. 2.

Once the joint velocity ¢ of the cooperative system is calculated by using (8), it is provided for
inner low level controllers that are responsible to perform the joint position control of the robot arm
and the joint velocity control of the human arm (Fig. 3).

It is important to highlight that the control law (8) can be considered as belonging to the class
of the closed-loop inverse kinematics algorithms (CLIK).28 However, thanks to the suitable model
derived in the previous section, this control law takes into account the kinematic constraints of the
interaction task; that is, the loop is closed at the interaction level.

3.2.1. Different interaction roles. The cooperative control law (8) can also be used to control tasks
involving different interaction roles between robot and human. Within the most usual applications,
the robot motion is controlled based on the measured human movement. However, it may be the
case that the human hand is completely or partially controlled to maximize success in performing
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the task. Human movement control may be performed using different technologies, such as active
exoskeletons and FES (see Section 4). This application might be particularly useful for individuals
presenting severe physical impairments.

In order to implement such functionalities, the correspondent joint velocities are simply zeroed
out; for instance, if the human arm is not controlled or moves autonomously, 6 ; < 0, whereas if the
robot arm is not controlled, # g <— 0. However, in those particular cases it can be more convenient to
use equivalent control laws, as shown in Propositions 2 and 3.

Proposition 2. When the human arm is not controlled, the control law (8) is equivalent to
05R:J;“%Klvec(.wigd—erfw ), 9
where

K, = Csf_l (EZ:)KI_J (”igm) Cs,

X% =X} Xig . and x7, and x7% are the current poses of the human hand and the robot hand,
respectively, measured with respect to a common frame Fo.

Proof. When the human arm is not controlled, deviations from the desired value of the task
parameters have no effect in the value of the joint variables of the human arm. In terms of the control
law (8), this is equivalent to say that 8 5 = 0; thus,

Jtask = H (ﬁr[z-ldm) C8 L{’
with Cg defined in (7).
The control law (8) becomes

Or = J5CTH (x7,)" K vee (Xygq — X727, -

Since H (EZIH)JF —H (x7) (see Fact 1 in Appendix A), C§ = Cs, and

CiH (x)" K =CsH (x]7) KH (x7, ) CsCsH (x7;)

= K\CyH (5]}).

then

éR = J;£C8I_I (ﬁg:) K vec ('Etaskd - £§:£Zm)

o+ T Tx . T
= J&%K 1CsH (ﬁHm) Vee (X g — ﬁRmﬁHm)
_ + T T *
=J ﬁK 1Cg vec (&askdiﬂm - £R,n)

—_ gt T Lk T
= J Ky vec (X%, Xtska — Xk,) -

=

It is important to note that, if K is positive definite, then K is also positive definite (see Fact 3 in
Appendix A). O

Proposition 3. When the robot arm is not actuated, the control law (8) is equivalent to

Ou=J" Kivec(xj, —x7, ). (10)
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T — T
where x,; = xp X4, and

Ky = H () KH (cF).

Proof. The reasoning is analogous to the one of Proposition 2; that is, in terms of the control law

. +
(8), 0 = 0. In this way, Jux = H (&g*) Jﬂ: and the control law (8) becomes

. +
o+ T\t Tk T
01—] — Jx'T H ('ERM) K vee (Etaskd £R,,,£H,,,) :

+ +
Since H (Jﬁ}{*y = H (x7% ) (see Fact 2 in Appendix A), then

. +
o+ T Tk T
Oy = J. . H (lR,,,) K vec (Etaskd £R,,,EHm)

= J3 H (55,) KH (x5) H (xF,) vee (xyy, — x50x7)

m =

+
= J} K H (x ) vee (X gy — X577 )

+ T T
= Jﬁ, Kyvee (xk Xogq = Xp,) -

It is important to note that, if K is positive definite, then K is also positive definite (the argument of

proof is similar to the one of Fact 3 in Appendix A). 0

The cooperative control law (8) can consequently be used when both agents are controlled, or
when only one agent is controlled. It is important to underline that, in any case, the control law is
closed loop at the interaction level, since it takes into consideration the geometric constraint of the
task.

From Fig. 2, one may observe that the joint positions are controlled by inner low level controllers.
If on the one hand most commercial robots possess built-in PD controllers for each joint—which is
the case for the robot used in our work—on the other hand it is not obvious to access the low level
controllers of the human arm. In this case, one must bypass the natural motor control mechanisms,
which imposes two challenges: first, the human arm must somehow be artificially actuated and,
second, it must be controlled at the low level. These issues are addressed in the next section.

4. Low Level Control of the Human Arm Using FES

Different technologies, such as active orthoses and FES are available to affect or directly induce
motion of human limbs. In this work we have opted to use FES, which is based on the principle of
delivering electric pulses to the muscle motor point, inducing muscle action and consequently joint
motion.”” Among the advantages of employing FES in pHRI experiments, the use of the human’s
own muscles as actuators and the concomitant stimulation of afferent pathways motivates the choice
of FES with respect to alternative technologies. Both features may provide important benefits in a
physical rehabilitation scenario, which is a prospective application of this work.

Typically, FES control systems either apply open-loop or closed-loop control schemes to induce
a target motion. Due to the model complexity and practical issues related to the use of surface
stimulation, in this work, instead of applying model-based control strategies, we have used a PI
controller with anti-windup,’® as illustrated in Fig 3. The need of anti-windup is due to actuator
saturation imposed by physiological limits and to provide comfort to the subjects.

A single normalized control variable u, with —1 < u < 1, is defined to incorporate the stimulation
levels of both stimulated antagonist muscles. Hence, a strategy must be defined in order to compute
the individual activation levels for each muscle that compose the antagonist system. In this work, we
assume that no co-activation occurs between antagonist muscles, and also that the muscles provide
identical maximum torque to the joint. Although this is a simplified assumption when compared to
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On, =
—> pw = (pwmax - pwmin)u + PWmin
K = [ | +

natural
excitation

-

stimulator

0w,

Fig. 3. Low level control of the human arm using FES.

human motor control, it has enabled straightforward computation of the individual stimulation levels
u ¢ (flexor muscle) and u, (extensor muscle):

lull, u <O
0, u>0"

u,

Uy = u=0 and u, =
0, u<0

Based on these individual control variables which define the stimulation intensity for each muscle,
FES parameters may then be updated in order to change the muscle activation level. Normally, FES
signals are composed of trains of electric pulses, while the modulation of the charge delivered to
the muscle enables control of the number of recruited muscle fibers. Within this work, the control
of delivered charge is performed using pulse-width modulation. In this way, if the static stimulation
frequency and amplitude are high enough, smooth and sustained contractions of different levels can
be generated. One important advantage of FES systems for pHRI experiments is that, in order to
adjust the setup for new users, only one parameter must be updated for each stimulated muscle:
the amplitude, in [mA], of the electric pulses. This parameter was chosen during an initialization
procedure, in which FES amplitudes that would provide similar motor response for antagonist muscles
were selected. The overall procedure used to control the elbow joint is summarized in Fig. 3.

For opening the hand, precise control was not needed. For that reason, FES was used in an on/off
control scheme, where the hand switches between two states: relaxed or fully opened.

Figure 4 shows the performance of the FES system in controlling the elbow joint. The data refers
to different trials belonging to the experiment described in Section 5.3, where the reference for
the human arm motion was determined dynamically using (8). Since similar reference signals are
generated, the corresponding patterns of u were equally similar. Due to these comparable applied
stimulation intensities, the figure also serves to illustrate the high level of repeatability achieved by
the low level control of the human arm.

5. Experiments'

In order to validate the proposed method, we performed experiments in the context of three different
tasks. They were designed to encompass all aspects related to the definition of pHRI using relative
configurations, and also the ones related to the reactive behavior of the robot during task execution,
and the different interaction roles that robot and human may assume within the considered scenario.
The first experiment, called mirrored movements followed by simultaneous handling, was used to
evaluate the situation in which the human assumes the role of master and the robot plays the role
of slave; in the second experiment—called ball in the hoop—the roles were inverted such that the
robot held complete control of the task, as it controlled the human arm by means of FES. Lastly, the
pouring water experiment was designed to assess the situation where only the robot arm is controlled
and, from the point of view of an external observer, both agents are regarded as autonomous entities.

! See provided video #1 with the recorded experiments.
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Fig. 4. Different trials from the same subject, wherein closed-loop control of the human elbow joint position
(dashed) was performed using FES, and the performance of the controller in terms of repeatability may be
observed. The corresponding normalized FES control signals (solid) are also shown to illustrate the system
dynamics. The FES signals applied into muscles are characterized by trains of electric pulses, with fixed
frequency (40 Hz) and fixed amplitude (~10 mA). The intensity of stimulation is updated using pulse-width
modulation, where the maximum value of the normalized control signal is 1 and corresponds to 150 us.

5.1. General experimental setup

The robot used in all experiments was a Hoap-3 (Fujitsu, Japan) humanoid robot, which is 60 cm tall,
weighs about 8 kg, and has 28 DOFs, with each arm having four DOFs. The kinematic controller (8)
used for the interaction system was run on Matlab using a non realtime system with a sample time of
approximately 100 ms. A diagonal gain matrix K € R¥*8, with the first four diagonal elements equal
to 0.003 and the last four diagonal elements equal to 0.03, was chosen empirically in order to have
smooth behavior and satisfactory performance in terms of time response. The robot runs a legacy
realtime operating system (RT-Linux) on an embedded PC card Intel Pentium M Processor 1.1 GHz.
There is a DC motor in each joint axis with an embedded microcontroller linked with the PC card by
using realtime USB connexion, which was developed by Fujitsu Lab. In each microcontroller there
is a dedicated PD controller running at 1 kHz, also developed by Fujitsu Lab. In this work, we used
the joint PD-controllers with the default gain values provided by the robot manufacturer.

Only healthy subjects participated in the experiments, and both the robot and the person used the
right arm for the cooperative tasks, as shown in Fig. 5, which also illustrates the main coordinate
systems used in the experiments. Since the task is defined by the relative configuration between the
hands, their poses must be estimated. The pose of the robot end-effector is given by the FKM whereas
the human hand pose was measured using an optical motion tracker.

The problem of this setup is that the robot hand is related to F¢, whereas the pose of the human
hand is related to F),, the coordinate system of the motion tracker. However, (3) requires that the
poses of both the human hand and the robot hand be expressed with respect to a common frame,
which was chosen as the robot torso. For the purposes of this paper, all the reasoning is done by
assuming that the pose of the human hand is already given with respect to the common frame, and
the methodology to obtain such pose is presented in previous works.!>!3

The motion tracker used in this work, the Easytrack 500 (Atracsys, Switzerland), is composed of
linear cameras and can track and estimate, every 100 ms, the pose of a marker equipped with infrared
LEDs. In the first two experiments, the marker was placed on the subject’s wrist or hand, as shown in
Figs. 6 and 10, defining the frame Fp, whereas in the last experiment (ball in the hoop) the marker
was placed on the ball.

For the ball in the hoop experiment, an 8-channel stimulator—called Prostim (DEMAR/
Neuromedics, France)—was used to artificially control human motion.

5.2. Human holds complete control: mirrored movements followed by simultaneous handling
As the name suggests, mirrored movements are characterized by motions analogous to the ones that
one can see in front of a mirror. Considering a pHRI task, while the human master performs a motion,
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Fig. 5. Experimental setup for the human-robot interaction.

Fig. 6. Mirror mode: the person controls the robot in a collaboration-like fashion. (a) The system is initialized in
the face-to-face configuration; (b) the subject’s hand is moved backward. The robot mirrors the movement; (c)
the subject drives his hand toward the object, and the robot symmetrically follows the movement; (d) once the

object is grasped, the current x,,, ,, is stored and remains constant; that is, X,y ; < X, - Since the subject’s

arm has more DOFs than the robot’s, the subject can still move the object, followed by the robot. Please refer
to provided video #1 for the complete execution of this experiment.

the reactive robot will play the role of a mirror. In one potential application, the person may use the
mirrored movements to drive the robot hand to grasp an object of interest.

In order to illustrate this idea, we have designed the following experiment. The person must grab an
object but needs help to accomplish the task, because the object is too heavy or too big, for example.
This task was already extensively investigated in terms of force control (e.g., Stasse et al. (2009)°!),
where the robot follows the person by means of force compliance. However, before the activation of
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Fig. 7. In the ball in the hoop experiment, the human arm was actuated by FES and was constrained to move in
a plane.

the force controllers, the robot should reach the object. If the robot mirrors the person, the person can
drive the robot hand to the right grasp position while positioning his own hand.

By using the variable task parameter x,,, , defined in Adorno et al. (2011),!? the robot behaves as
follows: whenever the subject moves his hand vertically or horizontally, the robot will try to place its
hand at the same place as the subject’s hand. However, when the subject moves the hand backward,
the robot will also move its hand backward. Conversely, when the subject moves the hand forward,
the robot will move its hand forward.

Figure 6(a)—(c) show the sequence obtained from a manipulation task using mirrored movements.
First, the system was initialized in the face-to-face configuration. Then, the operator directed his hand
toward one extremity of the pipe while simultaneously controlling the robot’s hand. Differently from
a simple teleoperation, in this type of task the operator must take into account the poses of both his
hand and the robot’s in order to simultaneously grasp the pipe.

After the pipe was handled, the current value of x ,, was stored and from that moment the
stored value was used as a constant reference; that is, X,y ; < X4 - 10 this new subtask the robot
had to maintain the same relative configuration. The remarkable finding is that, even if the object
was rigid and the robot was position controlled—and thus very stiff—the operator could still drive
the pipe and was followed by the robot. This was thanks to the fact that the human arm has more
DOFs than the robot’s, and hence the operator could exploit this redundancy to maintain the pipe in
the same orientation of his hand, but changing the orientation of his wrist. Consequently, the robot
followed the operator’s movement. Moreover, the forces involved in such interaction are measured
by the person’s force feedback mechanism, and even if the robot was not capable of performing
force control, the human was. Hence, in simultaneous handling tasks, the Auman ultimately takes
into account the forces involved in the interaction, and consequently can adjust the pose of his arm in
order to minimize these interaction forces.

5.3. Robot holds complete control: the ball in the hoop task

The ball in the hoop task was defined such that the robot had to hold a miniature basketball hoop
and the person had to hold a ball. The human arm was controlled by means of FES and both robot
arm and human arm had to be coordinated in order to drop the ball inside the hoop. To simplify the
experimental setup and avoid the requirements of precise multi-joint FES control, the human arm
was constrained to move only in one plane, as depicted in Fig. 7. In this way, controlling just the
elbow was enough to accomplish the task. In order to control the elbow, only the Biceps Brachii
was stimulated, which means that the FES system was not able to extend the elbow (i.e., u, = 0).
Opening the hand was achieved by activating the Extensor Digitorum Communis. To use the control
law (8)—and considering the restrictions of our current implementation of the FES controller—we
modeled the human arm as a one-DOF serial robot with the rotation axis located at the elbow and the
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Extensor Biceps
Digitorum Brachii
Communis

(b)

Fig. 8. The human arm modeled as a one-link serial robot (fop) and positioning of the electrodes for the actuation
of the human arm (bottom).

end-effector located at the wrist, as illustrated in Fig. 8(a). The placement of the electrodes is shown
in Fig. 8(b).

Five healthy volunteers participated in the experiment, three males and two females. They were
positioned with the arms standing over a surface parallel to the robot’s floor. Furthermore, the subjects
were blindfolded in order to prevent visual feedback and thus to prevent any attempt to accomplish the
task by natural actuation; that is, not by means of the FES. In addition, they were asked to not move
their bodies and to avoid the voluntary control of their arms—although they could not completely
control their biceps, in principle they could disturb the task by controlling other muscles involved in
the movement of the arm.

The task was divided into “reaching” and “dropping the ball” subtasks. First, the “reaching” subtask
had to be performed by aligning the hands along a vertical line, under the assumption that the human
hand was higher than the robot hand. For this, first @ x was zeroed out, such that (8) became equivalent
to (10) and only the human arm was controlled in order to bring it into the robot’s workspace—typically
in a predefined region known to be suitable to accomplish the cooperative task—e.g., the center of
the robot’s workspace. The value of § ; was then provided for the low level FES controller to control
the human elbow joint. Once the human hand was inside the robot’s workspace, the control law (8)
was used with no terms zeroed out—that is, providing full coordination—until the moment that the
hands would be aligned. From that moment, both robot arm and human biceps were not controlled
anymore, and then the robot sent the FES signal to open the human hand and drop the ball inside the
hoop.

Figure 9 shows a successful cooperation sequence: the human arm entered the cooperation zone
in about one second, but the “dropping the ball” subtask could not be initiated because the robot was
adjusting the pose of its arm (in order to prevent unnecessary motions of the robot arm, @ z was zeroed
out during all the time that the human arm was outside the robot’s workspace). Once their desired
relative configuration was achieved, between four and five seconds, the FES signal was sent to the
human forearm in order to open the hand. Because the agents achieved good enough coordination,
complete success was obtained.

5.4. Both agents perform autonomous movements: the task of pouring water

In the task of pouring water, the robot had to pour the water while the subject held the glass. The
task X, = Faskd + €(1/2) Pragi a7 task « Was simply defined as follows: using F as reference (recall
Fig. 1), ryscq was defined as a rotation of m around xz—enforcing a face-to-face cooperation—
followed by a rotation of 7 /4 around zz. This last rotation was defined to put the robot hand in a
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is not The FES signal is Robot arm and human biceps
controlled sent to open the are not controlled
human hand | ‘
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Measured elbow angle [deg]

Time |s]

Fig. 9. Measured angle of the human arm for one trial in the ball in the hoop experiment. The gray areas
correspond to situations where one or more components of the task joint velocity vector are zeroed out. The
pictures are snapshots of the experiment and the left side of each one is aligned with the correspondent snapshot
time (vertical dashed lines). See provided video #1 for other executions with different subjects.

Fig. 10. In the task of pouring water only the robot arm is controlled; thus, J s < 0 and the control law (8) is
equivalent to (9). The four figures correspond to four different spots. See provided video #1 in order to see the
reactive behavior of the robot.

pose suitable for pouring water. The corresponding translation p,,q , was chosen by considering the
size of the plastic cup and its placement on the back of the robot hand.

In order to assess the robot’s capability to interact effectively with its human partner, the person
was told to place his hand in different arbitrary locations, all of them feasible in terms of the robot’s
geometric limitations. The robot successfully poured the water and was capable of tracking the
subject’s hand whenever the latter moved. In this way, the robot’s reactive motions were capable to
provide fluid interactions. Some of the locations are shown in Fig. 10.

In this kind of task, humans have the tendency to regard the robot as an autonomous entity with
whom they may ultimately cooperate. Since the latter has several mechanical constraints, sometimes
the task can be accomplished only if the person helps the robot. For instance, being aware of these
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limitations, people will tend to place the hand where the robot will effectively accomplish the task
(or at least where they believe that the robot can accomplish it).

6. Discussion and Conclusion

This paper has proposed a novel method to describe the pHRI by means of relative configurations
between the human hand and the robot hand. We performed several experiments with healthy
subjects and a humanoid robot in order to validate the techniques proposed in the paper. The robot’s
limited dimensions, as well as its restricted motions, posed a challenge to the design of illustrative
cooperative tasks, but the platform provided enough versatility to validate the proposed ideas within
the chosen set of experiments. Furthermore, some delays in the experimental set-up, mostly due to
the communication between the non-realtime kinematic controller used in the interaction system and
the realtime system running on the embedded PC card, decreased the overall system performance.
However, even in the presence of those delays, the system worked satisfactorily for our application.

The experiments encompassed situations where both agents behave as autonomous entities, and
also situations where one agent holds complete control of the task. In this latter case, we explored
both cases where the person holds complete control and the one where the robot controls the human
arm by means of FES.

One advantage of representing the cooperative task by using relative configurations is because
the control loop is closed at the interaction level, and hence the sensory feedback of both human
and robot are used to accomplish the task, as demonstrated in the simultaneous handling task. In
this task, even if the robot is not equipped with force sensors, there is force control thanks to the
natural force feedback mechanism present in the human body. In this kind of interaction, the system
should be analyzed from a holistic point of view, where every agent provides something beneficial,
which thus characterizes the collaboration. Moreover, because this task was defined in terms of the
relative configuration between the robot hand and the human hand, but the robot perceived the pose
of the human wrist, a compliant behavior could be achieved because the subject exploited the fact
that his arm has more DOFs than the robot arm. More specifically, the subject used this redundancy
to maintain the desired relative pose between the hands, but changed the arm configuration in order
to move the robot, while controlling the internal forces using his natural force feedback. However,
most tasks involving forces will still require that the robot be equipped with force controllers in order
to achieve good compliant behavior.

One task, the ball in the hoop, was performed by using a novel approach in pHRI. In this approach,
in addition to controlling its own arm, the robot controls the human arm by means of FES. This
has an important implication in assistive robotics, mainly when the robot must assist people with
impairments who cannot control their upper limbs: the FES control of the human arm may be used
to bring the human arm into the robot’s workspace, possibly enhancing the human-robot interaction.

An interesting observation is that the addition of human arm control does not change the definition
of the task. In fact, whenever the task is represented by means of relative configurations, there is
an invariance with respect to which agents are controlled and even with respect to the controlled
DOFs. As a consequence, this invariance may potentially reduce the required amount of work for
defining and programming new tasks. Moreover, it can be useful when developing general assistant
robots, because the task is defined only once and then the robot can interact with several other agents,
regardless of whether these agents are other robots or people. In the case of healthy people, the robot
would control only itself. In the case of people suffering from motor disabilities (e.g., quadriplegia)
or in physical rehabilitation scenarios, the robot could control the human arm—either completely or
partially—if otherwise it would be impossible to accomplish the task; for example, when the robot
cannot reach the human hand without controlling the human arm. Of course, this does not mean that
the robot would control the subjects’ arms against their will. The robot would perform only the low-
level control of the human arm, whereas the person would ultimately provide high-level commands
(e.g., voice commands) to change or abort the task.

Further works will be focused on the control of more muscles of the human arm, and also in the
application of the proposed techniques to the assistance and rehabilitation of disabled individuals.
Furthermore, considering that humans often co-contracts their muscles only when there are interaction
forces between the body and the environment, we did not take into account the effect of co-contraction
because we defined the pHRI in terms of kinematic tasks. However, we intend to exploit this effect
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in order to extend our framework to situations involving contacts between human and environment
or situations that require, for instance, increased stiffness of the human arm. In addition, we plan to
integrate our techniques with whole-body motion frameworks®>~3%, where the cooperative task would
be first defined by using (3), and then the robot would continuously perform a whole-body motion in
order to achieve the desired relative configuration between the human hand and the robot hand. Last,
we are going to put some effort on the definition of human-robot interactive tasks that involve several
subtasks; in this way, the robot will have to automatically switch between these subtasks in order to
provide intuitive and natural interactions.
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Appendix A. Auxiliary Proofs
This appendix presents some auxiliary mathematical proofs used throughout the text.

Fact 1. For a unit dual quaternion x, the following equality holds: H (g*) —H (£)+

Proof. Consider the unit dual quaternions x and y, such that

H (x) vecy = vec <X.£) )

Premultiplying both sides by H (.E*) yields

H (x*) H (x) vecy = H (x*) vec (Z.E)

= vec (Xﬂ*>

=vecy.
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Hence H (x* )I} (x) = 1. But, since H (x) is always invertible, we conclude that H (x*) =
)" O

() = H(

| &

+ +
Fact 2. For a unit dual quaternion x, the following equality holds: H (g) =H (g*)+

Proof. The proof is analogous to the one of Fact 1. Consider the unit dual quaternions x and y,
such that B

+
H (&*) vec y = vec (‘E*X) .

Premultiplying both sides by H (x) yields

Iy(g)lg(f)vecx IJ;( )vec(x y).

= vec (H*l>
= vec y.
+ +
Hence H (x) H (x*) = 1. But, since H (x*) is always invertible, we conclude that H (x) =
+ " N
) =) -

Fact 3. If K € R®*3 is a positive-definite matrix, then K| = CgI_I (-E*) KH (ﬁ) Cg, where Cg is
given by (7), is also positive definite.

Proof. Consider D = H (x) Cs. Since both Cg and H (x) are square and have full rank then D
also has full rank. Furthermore, for any column vector u, there exists a unique vector v such that
Dv = u and Dv = 0 if and only if v = 0. Since K > 0, then for all non-zero u:

u'Ku >0

w'w) 'u"Ku >0
utKu >0

v DYKDv >0
w'v) W' DTKDv >0
v DK Dv > 0;

hence, DYKD > 0. Also,

D*KD = (H (x) Cg>+ KH (x) Cs

Therefore, K| > 0. O
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