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Abstract— Reach-to-grasp movements are widely observed
in activities of daily living, particularly in tool manipul ations.
In order to reduce the complexity in redundancy resolution
and facilitate upper-limb exoskeleton control in reach-tegrasp
tasks, we studied joint coordination in the human arm during
such movements. Experimental data were collected on reach-
to-grasp movements in a 3-dimensional (3D) workspace for
cylinder targets of different positions and grasping orierations.
For comparison, reaching movements toward the same targets
are also recorded. In the kinematic analysis, the redundant
degree of freedom in human arm is represented by the swivel
angle. The four grasping-relevant degrees of freedom (GR-
DOFs), including the swivel angle and the three wrist joints
behave differently in reach-to-grasp movements comparing
to how they behave in reaching movements. The ratio of
active motion range (R-AMR) is proposed for quantitatively
comparison the task-relevance of the GR-DOFs. Analysis on
the R-AMR values shows that the task-relevant GR-DOFs are
more actively used, while the task-irrelevant joints are I&
uncontrolled and maintain their neutral positions. Among the
task-relevant GR-DOFs, the smaller joints (micro-structue) are
more actively used than the larger joints (macro-structure.
The coordination of the task-relevant GR-DOFs is shown to
be synergistic. Analysis of the acceleration/deceleratioat the
GR-DOFs indicates different levels of voluntary control inthree
phases of the movements. The study of the characteristics thfe
joint coordination in reach-to-grasp movements provides gide-
lines for simplifying the control of the upper limb exoskelgon.

I. INTRODUCTION

Reach-to-grasp movements are widely observed in act

ities of daily living, particularly in tool manipulationdt is

critical to study joint coordination of a human arm in reach-

to-grasp movements in order to reduce the complexity
redundancy resolution and facilitate control of the uppebl

Fig. 1: EXO-UL7, a dual arm exoskeleton with seven DOFs inheaan.
This system exhibits kinematic redundancy identical tolthean arm.

arm coordination is subject to both temporal [15] and spatia
constraints [16]. While approaching a target, arm movement
directs the thumb, preparing to match the hand orientation
with the target [17], [18]. The rotation of the arm plane atou
the shoulder-wrist axis is coordinated with the supinatibn

the forearm to achieve the desired hand orientation. If the
target orientation is perturbed when the hand is moving to
the target, the hand orientation begins to match the ofigina
target orientation and then adjusts to match the final target
orientation [19]. This smooth adaptation to the perturbed
i\t/qrget orientation implies that the reach-to-grasp moveme
may be a superposition of separate reaching and grasping
components. Given arm postures predicted for reaching
imovements, arm postures for reach-to-grasp movements can
be constructed based on grasping-related differences. Fur

ermore, human motor system prefers a joint coordination

exoskeleton used to support such movements (see Fig.

Although efficient redundancy resolution methods have beenélt minimizes the intervention when redundancy in control
9 y variables exists [20], [21]. The control emphasis is placed

proposed to determine the configurations of robotic manip- : : . .
n task-relevant variables, while task-irrelevant vagatare
ulators [1], [2], yet these general methods are not capable

of rendering the natural joint coordination in the humanoos‘e_Iy monltqred fgr tolerable var|§1b|I|ty [22], [23].

arm. Studies on reaching movements have resolved the! NiS Study investigates the spatial and temporal charac-
kinematic redundancy in the human arm by performanc,lgr'St'CS of th.e joint coordination in reach-to-grasp move
optimizations [3]-[12]. However, arm postures in reachments. Expe_nmenta_l data are collected on the reach—tspgra
to-grasp movements are affected by the orientation of tfgovements in a 3-d|mep§|onal (3D) Workspacg, for lelnder
grasp target, and these postures cannot be explained by t@ets of different positions and grasping orientatians,
motor control strategies that have successfully addremsed addition to the reaching movements toward the targets of the
postures in reaching movements [13], [14]. same positions. By kinematic analysis, the grasping-agiev

Previous research has investigated the joint coordinati(?hagrees of freedom (GR-DOFs) in the human arm are dis-

in reach-to-grasp movements. Research has shown that hawanghed from the grasping-irrelevant degrees of freedo

(GI-DOFs). Since the kinematic redundancy for reaching
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Il. EXPERIMENTS system records the movement at the frequency of 100 Hz.
To avoid fatigue, subjects rested after each session.

Front View,

IIl. M ETHODOLOGY

1500 A7
Center gf 7
Virtual

A. The Grasping-relevant DOFs in the Human Arm

o Start Point|

-1000 -560 (0 ) 500 1000
(a) 3D Spherical workspace. (b) Attached markers.

1800

1600fCenter of

R2G Session 4
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grasping-irrelevant degrees of freedom, this sectionoper$
Fig. 2: (a) The right shoulder of the subject is aligned witie tenter of motion analysis based on a kinematic model of the human

the spherical workspace. (b) Markers are attached to tt @ign and the : ; . s .
torso for position tracking. (c) Eight targets are involviedthe reach-to- arm. As shown in Fig. 3a, the seven kinematic Joints in

grasp experiment. (d) In the four reach-to-grasp sessibeshandles are human arm are: shoulder abductién shoulder flexiorts,

oriented at0°, 4{:3", 9_00, 135° on the plane that the subject face to, with shoulder rotatiore3, elbow flexion 04, supination95, wrist

respect to the direction of gravity. flexion 6s and radial deviatiorf;. Due to the kinematic
redundancy, when the wrist position and grasping oriesmati

Experimental data were collected to compare the reac re specified, the elbow can still move around the axis going

to-grasp movements with reaching movements. During tH roug.h the shoulder and_wrist p_qsition. In the kin(_amatic
experiments, nine healthy subjects (three males and odehng, We use the wrist positioR,, and the ?Q‘W'Vel.
females) conducted specified movements with their rigfﬂngle(b mstegd of Joint Angle 1 to 4. Therefore, k_mematlc
arms. Each subject conducted four sessions of reach-gﬁdundfmcy is fully ac_coupted by only one v_anable. As
grasp movements and one session of reaching moveme (.)lNr! n F'.g' 3b, the direction of elbow pivot axis (denoted
Each session consisted of five repetitions of eight diﬁtarert?y n) is defined as:

movements. In total, each subject compléeied’ x 5 = 200

trials. During the experiment, the subject sat in a chaihwit 5o Py, — P L

a straight back support. The chair was placed such that the [| Py — Ps||

subject could comfortably point at the targets with his/her A plane orthogonal toii can be determined given the
elbow naturally flexed. The workspace was adjustable so

that the center of the works . . : r[I)osition of P.. Point of intersection between the orthogonal
pace was aligned with the rig — — o

shoulder. In this configuration, the right arm is free to move[J ane and the VECtMS IS Pe. Pe — P is the pmle‘jt'_o”

while the torso is set against the chair back to minimiz f the upper arm K. — PS).On the orthogonal planet is

the shoulder movements. The target arrangement is showlf Projection of a ngrmallzed reference vecioonto the

in Fig. 2c. In the reaching session, at a “start” Comman£rthogonal plane, which can be calculated as:

the subjects pointed from the start point (shown in Fig. 2a i— (@A)

and Fig. 2c) to the instructed target with their index finger U= o (2)

in line with the forearm. In the reach-to-grasp sessions, th 1= (@- m)all

subject started with pointing to the start point and reached The swivel angle¢, representing the arm posture, is

to grasp the instructed handles with firm power grasp. Adefined by the angle between the vecfor— P. and a. If

shown in Fig. 2b, passive reflective markers are attached tioe reference vectat is [0, 0, —1]7, then the swivel angle

the torso and the right arm of the subjects. A motion capturg = 0° when the elbow is at its lowest possible point [24].



The motion range at the elbow is limited in order to avoidlata normalization and component separation. Fig. 4 shows
the singularity at extreme elbow flexion and extension. an example of data normalization of the swivel angle in
By representing the kinematic redundancy with the swivehe trials collected from a representative subject. In Bay.

angle, the grasping-relevant DOFs are distinguished ftam t swivel angle trajectories regarding to the same individual
grasping-irrelevant DOFs: the three DOFs for wrist positarget are normalized with respect to hand path length. The
tions remain the same for both reaching and reach-to-graaperaged trajectory of five repetitions of each movement is
movements, while the swivel angle and the three wrist jointshown in Fig. 4b. With reference to the reaching movement,
will be affected by grasping position and orientation. 8inceach reach-to-grasp movement to the same target is separate
the kinematic redundancy has been resolved for reachimgo a reaching component (Fig. 4c) and a grasping compo-
movements [], the following analysis will focus on the fournent (Fig. 4d). A grasping component is computed as the
grasping-relevant DOFs (GR-DOFs) and investigate thedifference between the reaching movement and the reach-to-
spatial and temporal responses for different target mosti grasp movement to the same target but of different grasping
and orientations. orientation.

B. Data Normalization and Component Separation
During the experiments, the trajectories of the markers **[—rea —Reach

— —Grasp 0 de
are recorded and the trajectories of the four GR-DOFs are ZZ jéggdggg Zz ;;:;Egggég
computed by inverse kinematics. These trajectories were 3 | —Cr»isde —Crasp 135 deq
normalized relative to the percentage of the path length

traversed by the hand (instead of time) and averaged basecs =
on five repetitions of the same movement. With reference “==

to the reaching movements, grasping-related differences a Percentage of Path Length ih Task Space (56 Percentae of Paih Length in Task Space (6)

computed so that the reaching component can be separatgg) swivel angle normalized w.r.t ttig) Averaged swivel angle and stan-
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from the grasping component. This component separation iercentage of path length. dard deviation.
applied to the four GR-DOFs, including the swivel angle and -
the three wrist DOFs. o 40— Grach 98 40
. _ —Grasp 90 deg
C. The Ratio of Active Motion Range {3 jz ; zz o /
In joint coordination, the joints that are actively used geo gm/
: &

respond more to the changes in task specifications than: 50/ ' oﬁ
the joints not actively involved in the movements. The 0

ratio of the active motion range (R-AMR) for each GR- * =

_ . Percen%gze of P;‘r‘: Leng(g'l?w Task%?)ace (%% DPercenPégze of F’gl‘r:1 Lengtg‘\% Task%ﬁace (%:)l

DOF is computed to evaluate the responses of the grasping (c) The reaching component.  (d) The grasping component.

compqnent (_)f the GR-DOFs to the changes In target pOSItlgiab- 4: (a) The swivel angle trajectories are normalizechwéspect to the

and orientation. At the end of the movements, we computgfdrcentage of path length. (b) The averaged trajectorie$oand with their

the standard deviation of the value of the grasping comaoneti?ni-varyinﬂ_ standard deviatti10n- Witrf]l reference to theraggd trajector)(/j
_ ; _ the reaching movement, the reach-to-grasp movementbeaeparate

for each GR DOF across _dlﬁerem movetments' The R A_M_i to (c) the reaching component and (d) the grasping compone

is then defined as the ratio between this standard deviation

and half of the motion range of this GR-DOF. Note that the

R-AMR can be computed across different movement sets, |n Fig. 5, component separation is applied to the data
including movements to targets at a particular position dfom a representative subject for each GR-DOF. The reaching
in a particular orientation. For a movement set, a large Rromponents of all the GR-DOFs are approximately linear
AMR value indicates that that particular DOF is sensitiveyith respect to the percentage of the hand path length. The
to the task parameters that vary within that movementaching components of the swivel angle vary for different
set. For example, the R-AMR of a DOF across reach-tqargets, while the reaching components of the other GR-
grasp movements towards a particular target position wWithOFs are mostly constant. In reaching movements, the index
different orientations indicates the sensitivity of thaDB finger is aligned with the forearm, which results in little
to target orientation. Likewise, the R-AMR of a DOF acrossnovement of forearm pronation-supination. With regard to
movements to different targets that share the same orientatthe grasping components, the swivel angle and the forearm
indicates sensitivity to target position. pronation-supination is linear for most of the path length
percentages. The flexion-extension and radial deviatitimeat

) ) wrist are nonlinear. The nonlinear flexion-extension dgrin
A. The Reaching and Grasping Components. the movement is possibly due to opening and closing of the

This section presents results from the analysis of thieand aperture preparing for grasping.

grasping components of the reach-to-grasp movements. Prio Fig. 6 shows the second derivative of the grasping com-
to computing the R-AMR values for each GR-DOF, the dataonents of the four GR-DOFs. During the reach-to-grasp
collected on reach-to-grasp movements were processed mpvements, each GR-DOF experiences three distinguishable

IV. RESULTS
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Fig. 5: The reaching and grasping components of the swivglea(),
pronation-supinationé), flexion-extension {s) and radial deviation&).
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Fig. 6: Second order derivative of the grasping component.

The first 10% — 20% of the movement is the “pre-match”
phase. Knowing the designated target orientation, subject
coordinate the four grasping variables for matching thedhan
orientation with the target orientation. After the pre-orat
phase, there is a period during which there is no significant
change in the acceleration of the variables. A6@% — 80%

of the path length, the hand has been transported close
enough to the target such that the four variables are adjuste
for closing the hand and for matching the hand with the target
more precisely. The second phase is called the “transporta-
tion phase” and the third phase is called the “match phase”.
Regarding the temporal responses of the GR-DOFs, the three
distinguishable amounts of acceleration/deceleratiditate
different levels of voluntary control in different phasets o
motion.

B. The Active Motion Range of Different Grasping Variables

This section presents the R-AMR values of the grasping
components for each GR-DOF at the end of the movements.
For each subject, the R-AMR values are computed across
all target positions and orientations. Fig. 7 summarizes
the R-AMR values of all the subjects for each GR-DOF.
Among the four GR-DOFs, the pronation-supination and
radical deviation are more actively used than the other two
GR-DOFs. Note that for the experimental setup, both the
swivel angle and the pronation-supination can be used for
adjusting the hand orientation according to the target. In
Fig. 7, the pronation-supination is more actively used than
the swivel angle. The flexion-extension is least sensitive t
the changes in target position and orientation due to its low
task-relevance, which confirms the limited usage of flexion-
extension described by [25].
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Fig. 7. The R-AMR values are computed for each subject acalisthe
target position and orientations. The higher R-AMR valusdidate more
active usage of the GR-DOF.

C. The Coordination of Task-relevant GR-DOFs

Section IV-B has shown that the GR-DOFs of higher task-
relevance are more actively used, which inspires a study
of their coordination. During the experiment, the target
orientation only changes in the plane that the subject faces
As a result, hand orientation is cooperatively adjusted by
the swivel angle and pronation-supination. When the target
orientation is greater thaf0°, the swivel angle is largely
used to provide comfortable grasping postures. To invatgig

phases with different amounts of acceleration/decetarati this task-dependent coordination of the GR-DOFs, for each



the coordination of swivel angle and the pronation-supamat
is synergetic [26].

V. DISCUSSION

In reach-to-grasp movements, arm posture is significantly
affected by grasp orientation. The kinematic analysis on
human arm has indicated that compared to joint coordination
in reaching movements, human arm only behaves differently
@ (b) at the four grasping-relevant degrees of freedom (GR-DOFs)
005 including the swivel angle, the pronation-supination, the

wrist flexion and the radial deviation. As a result, this

° research focused on the four GR-DOFs and separated their
~005 grasping components from their reaching components.

Swivel angle @ (deg)
Pronation — Supination (deg)

135 0 135

45 90 45 90
Target orientation (deg) Target orientation (deg)

Hand Orientation (deg)
Standard deviation (deg)
Hand - Merged

-0 A. The Task-dependent Coordination of GR-DOFs

= o e Investigations of the grasping components of the GR-
. T”gz‘d";e"‘a""”‘“eg’ DOFs have indicated that the coordination of the GR-
) _ _ DOFs are task-dependent. Comparing their ratios of active
Fig. 8: The averagec_l response of grasping component forh@pwivel motion range (R-AMR), the task-relevant GR-DOFs are
angle, (b) the pronation-supination and (c) the hand aatent. (d) oy, — ) . . L.
(02 + 05.)"/? is negative, indicating that the swivel angle and theMOre actively used, while the task-irrelevant joints aré le
pronation-supination exhibit synergy. uncontrolled. In the reach-to-grasp experiments, theetarg
orientation varies in the plane that the subject faces, kvhic

demands the cooperative responses of the swivel angle and

subject, we computed the average of the end values of tH¥® Pronation-supination. The wrist flexion is least usédul
grasping components of a GR-DOF across all target positiof&tching hand orientation to target orientation and thogeef
for the same target orientation. The average end values-corS J0int angle does not vary much for different target
sponding to different target orientations form the respanfs positions and orientations. To minimize the control effort
a GR-DOF to the change in target orientation. In Figures g3/Ch task-irrelevant joints are preferably maintainechairt
and 8b , each solid blue line represents the response of'gutral positions [21]. _

subject to target orientations. The associated dashed blye!Ne analysis on the R-AMR values further pointed out
lines are the third-order spline regressions. The averagipt among the task-relevant GR-DOFs, the smaller joints
response of all subject is represented by a solid red lin@€ more actively used than the larger joints. In the control
bounded by two red dash lines that represent the stand&robotic manipulator, the macro and micro joints has been
deviation. While Figures 8a and 8b describe the respons@&Signed with different control priorities in the trajegto

at the swivel angle and the pronation-supination, Fig. g&acking task. In [27], a flexible macro-structure that move
shows the changes of hand orientation resulting from thefuiCKly over a wide range of motion is mainly responsible
task-dependent coordination. Denoting the target oriiemta for the task, while a rigid micro-structure compensates for
by ¢ and the hand orientation by, the coordination of tracking errors. In the context of reach-to-grasp movesjent

the nonlinear responses of the swivel angle and pronatiof’€¢ Way to segment the macro/micro structures refers to

supination results in an approximately linear response i} &m as a macro mechanism and the hand as a micro
hand orientation (see Equations (3) and (4)). mechanism. As such, the arm as a gross positioner is

manipulable to maximize the dexterity of the hand as the
micro manipulator which is responsible for accomplishing
¢ = 0.00150% + 0.0502p — 7.9475 (3) the task [28], [29]. To adjust the hand orientation, since th
05 = —0.0043¢% + 1.1630¢ — 56.3191 (4) swivel angle (macro) and the pronation-supination angle of
N = 0.8658p — 62.4985 (5) the forearr.n.(mlcro) can serve the same purpose, it is more
energy-efficient to adjust the pronation-supination arafle
For each subject, we computed the standard deviatiotise forearm as opposed to the swivel angle if the target
across the target position for the end values of the swivekientation is within the range of motion of the forearm.
angle, the pronation-supination and the hand orientation, The coordination of the task-relevant GR-DOFs has been
denoted byo,, o, and o, respectively. The standard analyzed by their responses to the changes in target orien-
deviations are computed based on the regression of varialpgion. As shown in Fig. 8d, the total variance of the swivel
responses and cover the target orientation range fidm angle and the pronation-supination is less than the vagianc
135°. To analyze the variance of the coordinated joints angh their resulted hand orientation, which indicates that th
their resulted hand orientation, we comp(#é+073 )/ and  coordination of the task-relevant GR-DOFs is in synergy.
compare it tas,,. Fig. 8d showsr,, —(a§+o—§5)1/2 values are Studies on the variability of human motion have pointed out
mostly negative for all the nine subjects, which indicatett that motor synergy reduces the computational complexity of

|
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45 920 135 o
Target orientation (deg)



motor control. It is generally applicable to different lévef
motor activities (neural, muscular, dynamic, kinematic,)e
and appropriate for coordinating the numerous degrees ﬁE]
freedom in the body [30]. In previous research, the motor
synergy has been found in the two-finger force production
task [26]. As an original contribution, this paper provides [13
method to measure the task-relevance of the GR-DOFs and
provides further evidence of the motor synergy of the taslﬁ4]
relevant GR-DOFs in multiple joint coordination.

[11]

B. On the Control of the Upper Limb Exoskeleton

Studies on the joint coordination in reach-to-grasp move®!
ments provide useful guidelines for the control of the uppetg,
limb exoskeleton. The separation of the reaching and grasp-
ing components shows that the redundancy resolution of tif]
reach-to-grasp movements can take advantage of existiﬁg]
redundancy resolution methods for reaching movements.
During the movements, the grasping components of tH&dl
swivel angle and pronation-supination are mostly lineahwi
respect to the percentage of the hand path length. In respoi]
to the changes in the target orientation, the end values of
these two synergistically coordinated GR-DOFs may foIIovyZl]
the proposed regression (see Equations (3) to (5)). Fohreac
to-grasp tasks similar to the experiments described inpéis [22]
per, the end values of the radial deviation varies more acros
target position than across target orientation. At the ends]
of the movements, the flexion-extension can be constrain&d!
to its neutral position to reduce the control complexity[25
Regarding the temporal responses of the GR-DOFs, the
analysis of acceleration/deceleration shows that thehrea
to-grasp movement has three distinguishable phases vﬁﬁ?]
different levels of voluntary control. As a result, thiseasch [27]
suggests that feed-forward control be used during the first
80% of the path length and feedback control for precisely,g
matching the hand orientation with the target orientation.

[29]
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