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Abstract— The paper presents a novel control method for
the arm exoskeletons that takes into account the muscular
force manipulability of the human arm. In contrast to classical
controllers that provide assistance without considering he
biomechanical properties of the human arm, we propose a
control method that takes into account the configuration of he
arm and the direction of the motion to effectively compensat
the anisotropic property of the muscular manipulability of
the human arm. Consequently, the proposed control method
effectively maintains a spherical endpoint manipulability in the
entire workspace of the arm. As a result, the proposed method
allows the human using the exoskeleton to efficiently perfon
tasks in arm configurations that are normally unsuitable due
to the low manipulability. We evaluated the proposed approah
by a preliminary experimental study where a subject wearing
a 2 DOF arm-exoskeleton had to move a 4 kg weight between
several locations. The results of our study demonstrate thighe
proposed approach effectively augments the ability of huma

physically challenged subjects. Here the exoskeleton does
not follow a predefined trajectory, but instead amplifies the
user’s joint torques. The intended joint torque of the user
can be obtained either by force/torque measurements [13], [4
or estimated from the muscle activity measurements. The
muscle activity can be measured using electromyography
(EMG) and mapped to joint torque either by biomechanical
models [5], [6], by simple proportional mapping [7], [8] or
by adaptive learning [9].

The above-mentioned effort amplification methods am-
plify the force constantly regardless of the configuratién o
the user’s limb. However, the capability and effectivenafss
producing the force at the limb endpoint depends heavily on
its current position. A way to evaluate the effectiveness of
mechanical systems is by the use of various manipulability

motor control to perform tasks equally well in the whole
arm workspace that include configurations with low intrinsic
manipulability.

measures such as kinematic manipulability, force manipula
bility and mobility [10], [11], [2]. These measures deserib
how instantaneous joint displacements are mapped to the
. INTRODUCTION end-effector velocities, accelerations or forces. Sucipeimt

In the past years, robots have been gradually movirﬁmracteristics can be represented as ellipsoids, where th

from industrial environments into the human daily liveseTh stancetfr(t);n the _cenltre r:)_f thbel elllp?so_|d to |ts| s;;face
main purpose of such robotic systems is to assist huma resents the maximal achievable ve ocity, acceleraion
orce in the given direction.

in various real-life tasks. One of such promising roboti ’ ) . .
systems are exoskeletons, which are designed to enclose thé féw studies proposed to use manipulability measures in

human body and provide a direct assistance to the motigfentrol of robots for human motion augmentation to reduce
The two main applications of exoskeletons are rehabititati
and power augmentation. The former is applicable in medical
settings for patients, while the latter is mostly appliegviork
environments and with physically challenged subjects.

In rehabilitation, the task of the exoskeleton is to move
the limbs of impaired humans according to a predefined \
repetitive motion, which would otherwise be preformed by a \‘
physiotherapist. A common approach for exoskeleton contro = N
in such case is based on impedance control [1]. Here the
robot tries to follow the predefined reference trajectory,
while the interaction forces with the user/environment are |
controlled through a mass-spring-damper system [2]. Is thi
way, stability of the mechanism and safe interaction witn th
human user can be simplified and maintained. .

On the other hand, the task of the exoskeletons in power =
augmentation is to augment the existing body capabilities
of healthy humans or to substitute the impaired abilities of
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the human effort in walking [12] and manipulation [13]. Shoulder Augmented Goal @
However, these methods did not account for specifics of manipulability /
human actuators. In contrast to classical robotic systems,
human limbs are actuated by muscles that generate forces
which are non-linearly related to the joint torques. To take
the properties of human limb actuation into account, sévera
methods have been proposed that estimate the relation be- \
tween the muscular activation and the resultant motion of
the hand [14], [15].

In this paper we propose a control method for the upper-
body exoskeletons that takes into account the musculag forc /
manipulability of the human arm. The proposed method
accounts for configuration dependent capabilities ancceffe Start .’
tiveness of the human arm and selectively augments human
performance based on the instantaneous arm configuratiog. 2. Conceptual representation of the proposed methbd. fuman
and the direction of motion. In effect, the approach prosidearm was modelled as a two segment rigid body mechanism wiith 46 10
more support in the arm configurations and for the directiorfBsCe e baricusr nsscles (Eleps shorhead e ong e
of motion where the force manipulability is smaller, andpectoralis major) and five eloow muscles (Biceps long heeidefis lateral
less support for the arm configurations and motion direstiorfnd medial head, Brachioradialis and Brachialis). The fépse depicts
with high force manipulabilty. Consequently, the profbse, ™WSeur manipuabilty cf e human arm whle he buse depics
control method effectively maintains a spherical endpoint
manipulability in the entire workspace of the arm. To valinterested in how joint torques transform to end-effector
idate the proposed approach we performed a preliminapgrces, we need to calculate the manipulability from the

experimental study where a subject wearing a 2 DOF armyacobian matrix. A set of all values contained within an unit
exoskeleton had to move a 4 kg weight between severgfcle is described by

locations and the muscular effort was evaluated using EMG.

/ Muscular
manipulability

Ir|lP =7"r < 1. 1)
[I. CONTROL METHOD ) . i
Since the end effector forces are related to joint torquas vi

The force manipulability measure of a serial manipulatof,q transposed Jacobian matrix of the manipulator, (1) can
describes the mapping between the joint torques and the (awritten as
forces exerted by the end-effector as a function of the atirre
configuration of the manipulator [10]. Since the human body [[JTF|)? = FT(JIT)F < 1. 2
is not driven by motors in the joints but by muscles, such where JJ7 represents the manipulability ellipse. With
robotic manipulability measure needs to be updated with the . . o

. X singular value decomposition, we can obtain the eigenvecto
kinematical parameters_ of thg-musculoske!etal systemeof t%f this matrix, which correspond to the major and minor axes
humgn arm. Such manipulability measure is called muscuI%\; the eIIipse’ [10]. The major and minor axes represent the
manipulability [14], [15]. directions in which it is possible to generate higher or lowe

We developed an exoskeleton controller that augments hl%'rces respectively. This kind of manipulability measwees
man motion based on the muscular manipulability so that thL?sed i;q several stuaies of human motion [15], [16], [17]
resultant manipulability of the combined human-exoskelet ' ' '

system maintains a spherical shape throughout the workspd: Muscular manipulability measure

and for any direction_of motion_. Thg conceptual model of the Tpe manipulability measure described in the previous sub-
proposed approach is shown in Fig. 2. _ _ section disregards the relation between the forces gekrat
In the following sub-sections we first describe the classicgy the muscles and the resultant joint torque. To take this
manipulability measure, then its upgrade to the muscular Mt account we derive the muscular manipulability measure
nipulability measure and finally the musculoskeletal modehat describes the transformation of the muscle forceséo th
used to determine the necessary parameters to calculgigy-effector forces [14]. First, the transformation frone t

the muscular manipulability. For the sake of clarity, Weqint torques to the end-effector forces is described by the
describe a planar situation where the manipulability sid  j5c0pian

is reduced to an ellipse. - — JTF. 3)

A. Manipulability measure Likewise, the transformation from muscle forces to joint
The manipulability in general describes the effect of dorques can be described by the muscle Jacobian

transformation from one coordinate space to another. Math- T

ematically, this describes how a set of all possible values

contained within a unit circle transforms to a new set ofvhere the muscle Jacobidg, is a matrix of muscle moment

values. For example in the simple case, where we asms at the joints. The moment arms for extensor muscles



» C. Muscul oskeletal model
/_ / \ /\ To calculate the muscular manipulability measure defined
N
o /

by (8) we modelled the musculoskeletal system of the human
'\J arm as a planar two-segment serial mechanism with the
first joint representing the shoulder and the second joiat th
Fig. 3. Four different arm configurations and their correstiog muscular elbow. The wrist was made stiff and was considered to be
manipulability ellipses. a part of the forearm. The anthropometric parameters were
) ) o obtained from [19], [20].
were defmed as the s_hortestdlstance b.et.ween the j_omlec_entr-ro model the muscles we used the popular Hill-type
and the line connecting the muscle origin and its 'nsert'orllepresentation [21] as described by Zajac et al. [22] and
The moment arms for extensor muscles were consta Sfined as
selected from the literature [18]. By combining (3) and (4)

. F, = v F 11

we get the relation between the muscle forces and the end- (Fofifue + Fp)eos(9) (1)
effector force as where f, represents the optimal muscle forgejs the active
F=JTJTF,,. (5) force-length relationshipf, is the force-velocity relation-

) ) _ ship, ¢ is the muscle-tendon penation angle amds the
Moreover we use the Hill's model to describe the relationtiyation level.

between the muscular activation and the generated force as), this model we assumed that the muscles are constantly

F=J7JTFpa, (6) activated d_uring the motion and hen_ce the passive ele.ment
has a negligible effect to the generation of force [23]. 8inc

where Fy, is the diagonal matrix representing the Hill'sthe normalized tendon slack lengths are very small, we
muscle force equation andis the muscular activation level also assumed that the tendons are stiff and therefore have
where||a|| < 1. This defines the relation a negligible effect on the force generation [22]. Moreover,
since all muscles in the human arm have a penation angle
lower than 20[24], we can further simplify the equation
Q_l) and obtain a model of the muscle that can be described
as

F'M,,F < 1, (7)

whereM,, represents the muscular manipulability measur
defined as
(e M 16 ek 8 (8) Fm = Jofifuer 12)

Using the single value decomposition of mathk,, we get where fofif, equals to the diagonal matrix of the Hill's

the major and minor axes of the muscular manipulabilit)r/nuscIe force equation denoted B in (B).

ellipse. The major axis represents the direction in whih th Qverall, the force generatgd by the muscle depends on the
end-effector has the highest capacity for producing thegfor optimal muscle Iength, maximal muscle force and tendon
while the minor axis represents the direction in which thélaCk length. The relations be_twee_n theS(_a parameters and th
capacity for producing force is the lowest. Fig. 3 showarameters of (12) are described in detail in [25], [26]][27

four different arm configurations and their corresponding Inl our mo?el w;llnclude: atr(])taldof te(? ;n.usclesl; twor?lar(;
manipulability ellipses. icular muscles (Biceps short head and Triceps long head),

The aim of our controller is to augment human motioriWo shoulder muscle (clavicular and sternal part of Deltoid
in such a way that the resultant manipulability of the Com[nuscle) and five elbow muscles (Biceps long head, Triceps

bined human-exoskeleton system maintains a circular sha lerall ?n?hmemal lh%ad' i_r;chmragatlls a_nd E:ﬁchlaﬁe)i
throughout the workspace and for any direction of motion- & cU!ate the muscie Jacobiag,, we determined the muscie

We therefore define the supporting force of the exoskeletdl'9'"s anq |n§ert|ons from [18]. The musculoskeletal mode
F... as Is shown in Fig. 2.

Fero = kampFuser, 9 l1l. EVALUATION

wherek,,,, represents the amplification factor defined as  To evaluate the proposed approach, we performed a pre-
, liminary experimental study where a human subject wearing
Kamp = M, (10) an arm-exoskeleton and holding a 4 kg weight had to
a perform two motions, one in the region where the muscular
with a representing the length of the ellipse major axis anthanipulability is high and the other where it is low. In
||F'user|| representing the scaled vector of the user’s forcthe following sub-sections we first describe the experimlent
so that it lies fully within the manipulability ellipse. protocol, then we introduce the utilized arm-exoskeletot a
Consequently, the exoskeleton provides a variable suppdinally present the results of the evaluation.
based on the direction of the user’s force. It offers maximal ]
support when the direction is aligned with the minor axid: EXperimental protocol
while it offers no support when the direction is aligned with The subject had to perform two movements, each exhibit-
the major axis of the manipulability ellipsédy, = 0). ing different manipulability characteristics throughatire
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Fig. 5. Implementation of the controller on the pneumaljcaictuated

, exoskeleton. The force generated by the subjggt ) is used to calculate
’ the desired supporting force of the exoskeletdn,(,). This force is then

’ used to calculate the desired pressusg df the muscles that actuate the
‘ exoskeleton.

e exoskeleton as defined by (9). Using the dynamic model

- of the exoskeleton and the pneumatic muscles [29], the
Start Start corresponding muscle pressure is calculated and applied on
the exoskeleton.

Fig. 4. Arm configurations and the corresponding musculanipugability C. Results

ellipses ?#ri?]g the thIJ Eﬂlotions performeﬁ by the SUﬁiActMotion |inthe Average hand trajectories and their standard deviations

region of high manipulabilityB: Motion in the region of low manipulability. . .

The arrows represent manipulabilities in the given dimectdf motion. Tor the two moltlons .performed py the S_Ub.JeCt are presented
in Fig. 6. Trajectories show little variation between the

path. Fig. 4 shows the arm configurations and the corresporgitPPorted and unsupported motions. The average durations
ing muscular manipulability ellipses during the two mogon for the motions are shown in Table |.
performed by the subject. Both motions started at the pestur Fig. 7 shows the support provided by the exoskeleton
when the subject's arm was freely extended by the body &&!fing the two motions as defined by (10). The starting point
shown on the left image of Fig. 1. The motion characterize@lf both motions was the same, therefore the support at the
by the high muscular manipulability (left pane of Fig. 4) wadeginning of both motions is equal. During the motion char-
performed upwards and as close to the body as possible whtgterized by low manipulability, the support was constant
the motion characterized by the low muscular manipulabilithigh as shown by the blue trajectory. On the other hand, when
(right pane of Fig. 4) was performed diagonally upwards ané€ subject was performing the high-manipulability motion
outwards towards the fully extended arm configuration aé¢ support provided by the exoskeleton was significantly
shown on the middle image of Fig. 1. The length of botHOWer.
motions was approximately 70 cm. To assess the effect of the exoskeleton support on the
The experiment was divided into two sessions of motion§iuman effort, we measured and analysed EMG signals of the
In the first session, the exoskeleton only compensated f&ceps long head muscle and Pectoralis minor muscle which
own gravity and provided no additional support. In there the two dominant arm flexors during the arm-motion in
second session, the exoskeleton provided support thrd)lwh fhe sagittal plane. The EMG signal was rectified and filtered
proposed controller. In each session the subject had 60 sW#h a second-order low-pass Butterworth filter with a cfft-o
continuously perform one of the two motions. In the firsfrequency of 3 Hz. Fig. 8 shows the normalized sum of EMG
session the subject was performing the high manipulabilitgctivities during the two motions for the unsupported and
motion (left pane of Fig. 4) while in the second session
the subject was performing the low manipulability motion
(right pane of Fig. 4). The subject was instructed to mov
the weight by following the rhythm of a metronome, which
resulted in approximately 20 cycles of motion.

High-manipulability Low-manipulability
motion motion

B. Arm exoskeleton 0.1

We implemented our proposed controller on a pneumat _
cally actuated arm exoskeleton (Fig. 1) that was developt £, 3
at Department of Brain Robot Interface, ATR, Japan [28]. O >
the available degrees of freedom, shoulder and elbow join
were used, each actuated by two antagonist pneumatic mi 5
cles (PAM). The shoulder joint has approximately i@hge
of motion while the elbow joint has approximately 210he
maximal force of the agonistic muscles was 4000 N whils
the maximal force of the antagonistic muscles was 600 N.

The implementation of the controller is de_‘picted in- Fig'Fig 6. Average hand trajectories of supported (orange)warsdipported
5. Here, the force generated by the SUbJeEt“éT) 1S (bILie).motions. The left graph shows the trajectories durihe high-

used to calculate the desired supporting forEg,£) of the  manipulability motion and the right graph shows the trajees during the
low-manipulability motion.

01 03 05 01 03 05
a [m] x [m]



Lo the numerical values of iEMG for all combinations of motion

and support are given in table I.

IV. CONCLUSION

We proposed a control method for the upper-body ex-
oskeletons that modulates the intrinsic biomechanicgbpro
erty of the human arm. By augmenting the motion of the
human based on the instantaneous arm configuration and the
08t direction of motion, the proposed control method effedjive
maintains a spherical endpoint manipulability in the entir
workspace of the human arm.

We validated our approach by a preliminary experimental

‘ ‘ ‘ ‘ study where a human subject wearing an arm-exoskeleton
o7y 25 50 75 100 and holding a weight had to perform two motions, one in
motion [%0] the region where the muscular manipulability is high and
fo 7 s i el dur on. The i the other where it is low. The results show that indeed, the
0 ragublont of e excekciton dutng molon, e apeSIe=e"!exoskeleton supports more the motion where the manipua-
(red) and low-manipulability motion (blue). Support remmihigh during  bility is low than where it is high. In effect, the muscular
low-manipulability motion, while it decreases during higfanipulability  effort of the subject wearing the exoskeleton became equal

kamp

motion. _ N for both motions.
High-manipulability Low-manipulability In the future, we plan to perform a sensitivity analysis of
motion motion the musculoskeletal model to determine the level of model
05 Unsupported Unsupported simplification that still allow faithful representation dfie
S04 human arm and the calculation of the muscular manipu-
= lability measure. Moreover, we will perform an extensive
O 0'2 experimental study where a group of subjects will carry-out
E 0.1 . . e . e
o High-manipulability Low-manipulability
motion motion
os Supported Supported
S04
50.3
) ol
E 0.2 2
0.1 £,
0
0 30 60 0 30 60 g
Time [S] Time [S] 3
e 2 |-
Fig. 8. The graphs represent the normalized sum of EMG Hesvi
during the high-manipulability motion (left side graphs)daduring the
low-manipulability motion (right side graphs). The top pgha correspond
to unsupported motions while the bottom graphs corresporitie motions
supported by the proposed controller.

0 ‘ ‘

supported sessions Thick line sections represent the dpwar _

parts of the motions while the thin line sections represeftd: 9- Integrated EMG for unsupported (blue) and supportetions
orange) . Bars on the left side represent the iIEMG during high-

the_ downward pa_rts. The_ effeCt_ _Of eXOSkeleton_suppc_’rt anipulability motion while bars on the right side repraséme IEMG

evident for both, high-manipulability and low-manipullityi  during the low-manipulability motion.

motions. Moreover it is evident that the exoskeleton suppor TABLE |

was larger during the low-manipulability motion than dugyin MUSCLE EFFORT AND TIME OF MOTION

the high-manipulability motion. As a consequence, the mus-

cular effort of the subject became equal for both motions.

. . Mot i integrated EMG|| Motion ti

To quantify the muscular effort we calculated the IEMG otion (session) " G?Z;s] ° K[):] me
by integrating the EMG signals over time. The two bars ofiHigh-manipulability (unsupported 2.66 1.33
the left side of Fig. 9 correspond to iEMG during the hight High-manipulability (supported) 1.86 132
ipulabilty motion while the two bars on the right side Low-manipulability (unsupported) 2.09 140
manipulabiity 9 Low-manipulability (supported) 2.08 1.32

correspond to the low-manipulability motion. Additionall



tasks involving both, the manipulation of objects and intenis]
action with the environment. The aim of this study will be to
asses how manipulation of human’s intrinsic manipulapilit
by exoskeletons influence human motor control and how such
manipulation can enhance human'’s performance. (16]
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