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We demonstrated the design, production, and functional prperties of the Exoskeleton
Actuated by the Soft Modules (EAsoftM). Integrating the 3D mqmted exoskeleton with

passive joints to compensate gravity and with active joint$o rotate the shoulder and

elbow joints resulted in ultra-light system that could asst planar reaching motion by
using the vision-based control law. The EAsoftM can supporthe reaching motion with

compliance realized by the soft materials and pneumatic acttion. In addition, the vision-
based control law has been proposed for the precise control wer the target reaching

motion within the millimeter scale. Aiming at rehabilitatin exercise for individuals, typically
soft actuators have been developed for relatively small m@ins, such as grasping motion,

and one of the challenges has been to extend their use for a wet range reaching motion.

The proposed EAsoftM presented one possible solution for fils challenge by transmitting
the torque effectively along the anatomically aligned with human body exoskeleton.

The proposed integrated systems will be an ideal solution foneurorehabilitation where
affordable, wearable, and portable systems are required tbe customized for individuals
with speci ¢ motor impairments.

Keywords: 3D printed exoskeleton, soft actuators, compliant
compensation, reaching motion

assistance, active and passive mechanisms, gravity

1. INTRODUCTION

Although an increased e ort has been placed on the recovery gg®of patients following a
stroke, with recent advances in technology for monitorimg torain functions, lack of human
resources in therapeutic training of patients implies that @at$ generally may not reach their
full recovery potential when discharged from hospital followinitial rehabilitation Coureiro and

Harwin, 2007. Neurological illness often manifests in clinical condlitiresulting in weakness of

the muscles controlling the elbow and rehabilitation degi@re used in order to help in recovery
of muscular powerl{laciejasz et al., 20).4n stroke patients, damage to the motor-, and somato-
sensory cortices, makes it di cult to control and move thewarforearm, and ngers. These patients
often use assistive devices and therapy to encourage thesettheir damaged limb so that the

Neurorehabilitation—Vision-Based

Control for Precise Reaching Motion of
Upper Limb. Front. Neurosci. 11:352.
doi: 10.3389/fnins.2017.00352

Frontiers in Neuroscience | www.frontiersin.org 1 July 2017 | Volume 11 | Article 352


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
https://doi.org/10.3389/fnins.2017.00352
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00352&domain=pdf&date_stamp=2017-07-07
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:y.hayashi@reading.ac.uk
https://doi.org/10.3389/fnins.2017.00352
http://journal.frontiersin.org/article/10.3389/fnins.2017.00352/abstract
http://loop.frontiersin.org/people/358383/overview
http://loop.frontiersin.org/people/423269/overview
http://loop.frontiersin.org/people/419304/overview
http://loop.frontiersin.org/people/26854/overview
http://loop.frontiersin.org/people/416054/overview

Oguntosin et al. Exoskeleton Actuated by Soft Modules

re-growth of a neural circuitry can take place that wouldalso been incorporated in order to increase motivation ane co
eventually aid recovery through neuro-plasticitya¢k et al., operation from the user as well as individualize exercise ditgu
200). Therefore, there is a growing interest in using roboticdepending on strength the usetack et al., 2001

devices to deliver e ective assistance. The aim of the roboti In traditional, robotic rehabilitation systems interaatj with
assistance is to provide a set of intensive and repetitivefies the patient using a single distal attachment point on the forearm
to enhance the motor recovery of patients, decreasing thaiamo by means of an orthosis [for example, MIT-MANUBrgbs et al.,

of work of a therapist. It has been found that it is important 2009)], exercises are de ned in the XYZ Cartesian space relative
for a patient to undergo continuous exercise for successfub the robots single end-e ector attachment point, and the
rehabilitation Heo et al., 201Awhich robots are able to provide. assistance magnitude is modulated using impedance/adnsitan

Typically, rehabilitation methods are either highly humancontrol schemes in the robot task-space. To support comfoytabl
intensive or involve attachment of rigid robotic systemupper limb exion and extension, WREX, Wilmington Robotic
controlling the upper limb. Robot-based rehabilitation hasEXoskeleton, was designed at A. I. DuPont Hospital for Cleitdr
been shown to have positive e ects by reducing impairmento provide assistance for the wide range of natural motion in
(Loureiro etal., 2014 Robots provide an acceptable performancedaily settings $anchez et al., 2006; Tariq Rahman et al., Y006
measurement test and control of the amount of exercise delidve The JAECO WREX is a light weight exoskeleton with two links
to the subject Kutner et al., 201} Hard robotic structures are and four degrees of motion that approximates normal human
often based on joints connected by rigid links; this makesnth anatomy. It incorporates elastic band elevation assists détn b
heavy, with expensive and complicated control. In additilese  the shoulder and elbow to eliminate in uence of gravity oreth
robotic systems are less compliant than the joints they detuaextremity Sanchez et al., 2006; Tarig Rahman et al., R(Ute
making it di cult to be directly attached to the human body unique design of the shoulder and elbow joints allows for a
unless through the use of specialized end e ectétses et al., signi cant improvement in the available range of motion when
2000, thereby mitigating their use for personal use by patientscompared to other assistive devices.

To overcome these challenges, safe human robotic interasti A new type of wearable robots called soft exoskeletons
and inexpensive design can be achieved through a soft wearabk exosuits is becoming more popular, aiming at therapeutic
robotic device {ondu and Lopez, 2000; Tsagarakis and Caldwelintervention of upper limb by mirroring the motion of the other
2000Q. limb (Panasonic, 2005 Removing the external metal frame,

A novel approach to rehabilitation is making use ofsoft exoskeletons become compliant, much lighter, and could
inexpensive and soft actuators. Soft actuators are uswailged be signi cantly less expensive than rigid frame wearabloteb
with compressed air or SMAs (Shape Memory Allogh(u et However, soft exoskeleton's main drawback is the same &s the
al., 201® SMA actuation is accomplished by embedding themain strength: they have no external rigid frame to support the
trained alloy into the silicone rubber and using electrigremt  body parts and transfer force e ectively from actuator to some
to produce heat to deform the robot to the trained shapearea of the body. We think that the e ective transfer of the
Soft robots can be realized with the use of McKibben arti cia force should take into account the anatomical structurermbls
muscles to produce a compliant motion similar to the skeletaknd joints, requiring the solid structure of the assistiveide in
muscle (sagarakis and Caldwell, 20Cand are actuated using order not to add unnecessary strain on the body parts that migh
a pneumatic sourcelékagi et al., 2009 damage patient joints, muscles, or tendons.

Another novel approach uses embedded pneumatic networks As a unique approach to a lightweight and exible robotic
of channels in elastomer8iévski et al., 201)1to achieve bending structure, in atable structures have been developed for the
and crawling motions I(ievski et al., 201)1 Soft rehabilitation robotic arm as an attractive alternative method of imbuinpots
robots have been developed to generate assistive force fwoith the desired lightness. Kim et al. developed the robatic a
grasping Ehepherd et al., 20).and gait rehabilitationthepherd that comprised of the in atable links, air bag actuators, &BIS
et al., 201). They make use of air channels embedded irjointstructures Kimetal., 201k Also, the novel control schemes
elastomers to perform bending motions similar to the motionhave been applied on the basis of visual feedback controlhwhic
of the ngers. Other robots composed of silicone rubber fordo not require the precise inverse kinematics for the position
angular displacementSun et al., 20)3and as a 2D larchese control (Nishida and Kawamura, 20).2
et al., 201)ytor 3D (Martinez et al., 200)3nanipulators have been In our study, aiming at the reaching motion of the upper
developed. An upper limb orthosis called Orthojacket actuatetimb, we developed and validated the Exoskeleton Actuated by
by pneumatics and designed for elbow rehabilitation has beeB8oft Modules (EASoftM) to ful Il the four conditions; (1) A few
developed$chulz etal., 20)1 degrees of freedom, (2) Precise motion control, (3) Wearable

There have been a lot of research in developing andssistive robots, (4) Compliant assistance. We proposed the
implementation of robotic devices for upper limb rehabili@ii  exoskeleton aligned with the anatomical structure, acidaty
especially index and nger rehabilitation in the form of the soft modules located at the joint position, and the soft
exoskeletonsChiri et al., 2012; Maciejasz et al., 2R1These actuators realize the compliant motion based on pneumatic
hand exoskeletons make use of cables\@at et al., 2008and  actuation and visco-elastic properties of soft materialhsas
rubber (Polygerinos et al., 20).5or actuation purposes. Virtual plastic and rubber.
reality has been used together with these hand exoskelédbons From the patient perspective, the ultra-light EASoftM o ers
further aid in recovery (eki et al., 201R Target tracking have upper limb assistance, i.e., it can assist the reaching motion
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of the upper limb, supporting the movement of the elbow the shoulder and elbow to assist the reaching
and shoulder, and can record trajectories of hand reaching a motion.

target based on the visual feedback control. It also has high Allowance for small deviation from the planned trajecterie
compliance and high safety integrity from the perspective of Passive joints should should accommodate small spontaneous
the patient, because it is entirely composed of rubber and soft motion with compliance, and soft modules should provide
modules, and attached to the body via Velcro straps. We rst compliance naturally by contained air and soft material.
describe the design speci cation of the EASoftM with the scen
setting (Sections 2.1 and 2.2), and secondly describe thdeate
kinematics and the vision-based control schemes (Sec8dis
3.3). After explaining the production of the plastic modules

We aim at rehabilitation for people with neuromuscular
weakness such as muscle disease, cerebral palsy, spinal cord
injury, and stroke, that e ect the spontaneous motion of upper
(Section 3.4), their torque characteristics and religpilvere !imbs' Also, given a proper balance betlween passive'and agtive
joints, the proposed system should provide an appropriate active

presented (Section 4). In the Result section (Section 5.&)jess . ; - . .
of experiments is described for the motion of one and twoassstancem guiding the hand to atarget position. The iretegt

degrees of freedom, rst tested by using the weight. Finaliy §ystem should act asa functional aid n aCt'V't'?S of da“‘”."g
. . . ideally at home, serving as a cost e ective exercise/therapgalev
presented the participant experiments, demonstrating thestlos .
. . h ) . for people recovering from stroke.
loop reaching motion on precise position control (Section)5.2

The General discussion is given in Section 6. 292 Design Speci cations
As a contribution to neurorehabilitation, the EASoftM All of the considerations in Section 2.1 lead to ve main

can be integrated with the Brain Computer Interface, forgnqications to be ful lled by the Exoskeleton Actuated S
example, for detecting the motor com_mgnd generation by @lin y144.les which can assist the reaching motion;
electroencephalogram (EEG) analysis, in order for the E#\NGOf

to guide the hand to a target position in a rehabilitation tapy. 1. Gravity compensation using exoskeleton: For any actytor
The advantage of using EASoftM is that it does not include is challenging to lift up the upper limb against gravity. Thus,
any motors which generate the elecro-magnetic waves which the passive joints should be applied to shift the equilibrium

inevitably in uence the electric signals from brain actjvi position of upper limb Ganchez et al., 2006; Tariqg Rahman et
al., 2005
2. Degrees of freedom: Two passive joints should shift the
2. DESIGN AND SPECIFICATIONS equilibrium plane of the upper limb, and two active joints

. I should guide the wrist to the target position.
2.1. Scene Setting for Rehabilitation 3. Viscoelastic property for passive motion: The assistandecby t

Toh g)ll_nm_uze detrimental eecfts hOf teﬁhnm?gy on the exoskeleton should be controlled compliantly by viscoalast
rehabilitation process, some of the technical requirements properties of air and materials used in the actuators.

presgnt in.the design of most rehabilitation rc.)bots.t.ake into4_ Structural transparency for active motion: Structural
C(_)n5|derat|_on the ergonomics ofthe sy_stem and its abititydpe . transparency should be such that the mass, viscosity and
with a variety Of. patlent_ demographlc ar_1d anthrop_omorph|c elasticity of the robotic arm are so small that patients
parameters. '_A‘n |_mperat|ve_ requw_ement in the_deS|gn 9f the performing spontaneous movement does not feel resistance
human machine interface is that it should mimic behavior of

he h h . hat is. it should b ? h in interactions with the robotic arm.
the human therapist. That is, it should be compliant Wheng -\/ion hased control law: Control law should not requihe

assis_ting movement,_ provide fuI_I support _witr]in the patients encoders to decrease the total weight, and to increase the
passive range of motion and nourlsh the payents: con den.cé an precision in reaching a target, the control law should noyrel
motlva'uon levels through goal-oriented motion with infoative on the precise inverse kinematics of the exoskeleton.
biofeedback.

Reaching motion is one of the most critical behaviors in ou
daily life at home; at the table, we reach and grasp a cup tkdri
and in the kitchen we reach for the spice jars or pots. Thus, it
important to assist the motion for reaching purposes. require
system characteristics can be decomposed into the following;

3. DESIGN, MATERIAL, AND METHODS

Ij—‘ul lling the design speci cations in the Section 2.2 in orde

assist comfortable exion and extension of the upper limb, we

mainly concentrated on three characteristics; (1) A fewrdeg

1. Attachable to chairs: A whole unit should be easy to beffreedom; anatomically structured exoskeleton with theafial
attached to a chair by the mount base. links for gravity compensation, (2) Compliant assistancet sof

2. Gravity compensation: An equilibrium point of the upper modules to actuate the elbow and shoulder joints, and (3) Beeci
limb should be shifted to match the desired work space fomotion control: visual control loop to guide the hand to trerget
reaching motion Ganchez et al., 2006; Tariq Rahman et alat high precision.

2009. . .
3. Identi cation of the target: A target position should be 3-1. Kinematic Structure of Exoskeleton
programmed to be fed into the control law. Actuated by Soft Modules (EASoftM)

4. Guidance of the wrist toward the target: ActiveThe overall structure of the proposed EASoftM is given in
joints should provide appropriate torque to rotate Figurel with a schematic representation of a participant,
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FIGURE 1 | KinematicFﬁtructure of Exoskeleton Actuated by Soft ModLBe(EASoftM)(A) Overall structure of the proposed EASoftM with a pa]gicipan (B) Close-up
picture of upper body. g represents the base coordinate of the robot, -, the camera coordinate used in the vision-based control lanand  , the camera
coordinate to record the trajectories of the end-effectorThe exoskeleton has two parallel links and four degrees of ntion that approximates normal human anatomy
of upper limb. (C) Overall structure of the proposed EASoftM (view from top).he attachment to the upper limb was set up at the end of exoskelton to support the
wrist of a participant. (D) Denavit-Hartenberg parameters of exoskeleton structureThe soft modules are attached to the jointsq; and q4) to rotate the joints, and the
rubber bands are attached to the parallel structure of link, and Ls to x the joint angles of g2 and g5 within a certain range, resulting in compensation of the graty.
(E) Kinematic structure of exoskeleton in 2D work plane. As the g@ssive joints ¢, and gs) lift up the upper limb,the active joints rotates shoulderrad elbow (q; and
d4) to make a reaching motion possible within this 2D plane.

TABLE 1 | DH parameters for the kinematic structure. TABLE 2 | Length of links of exoskeleton.
aj 1 i1 dj i Ly [mm] Lo [mm] L3 [mm] Ly [mm] Ls [mm]

1 0 0 o gp 100 210 100 100 210

2 0 7 L1 a2

3 L2 0 0 a3 . . L .

4 0 5 L @ _The klnematlp structure exoskeleton is givenRigure 1D

5 o 5 L as with DH (Denavit-Hartenberg) parameterg Ffab!e 1(De.naV|t.

e e 0 o 0 and Hartenberg, 1995The length of the links is provided in
Table 2 Four joints were represented lqywhereq; and g, were
active joints andp, D g3 (parallel link) andgs were passive

) p joints.
where  represents the base coordinate of the robotg, Before actuation of the soft modules, these two passivesjoint

the gamera coordinate used in the vision-based control lawg, and gs were adjusted by the elastic property of the rubber
and , the camera coordinate to record the trajectoriesband in order to shift the equilibrium point of upper limb by
of the end-e ector. The exoskeleton has two parallel linkscompensating the gravity. Two soft modules were attacheg to
and four degrees of motion that approximate normal humanandq, of the exoskeleton to actuate pneumatically the rotation of
anatomy of the upper limb. The attachment to the upperjoints.

limb was set up at Robot links to support the wrist of a By combining the passive and active joints, we can
participant. predetermine the 2D work plane, in which two active joints
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guide the wrist to the target position. The soft actuators madthe end-e ector in the robot coordinates g, K;: Integral gain
of polyethylene were attached to individual joints of exdstan, parameter.

providing the visco-elastic property in guidance of motionl Al Here, we need to perform the coordinate transformation
the parts were printed by the 3D printer using ABS plastic. Thérom the camera coordinaté, c1, to the robotic coordinate r
ultra-light polyethylene modules were used as ideal mdteaia (Figure 1). Thus,1 X is calculated in the following way;
designable and wearable soft robotic modules.

3.2. Control Schemes of Exoskeleton 1 X D CiW11 Uy, 4)
Actuated by Soft Modules (EASoftM)

This study used a control scheme which exploited direct Visua whereC; is the coordinate direction transformation matrix,
motor loops in the feedback control to actuate robotic armaW1 is the coordinate rotation transformation matrix, and the
(Nishida and Kawamura, 20).2Based on the transformations relative distance between the target and the end-e edtds; is
from visual space to actuator space, the proposed control scherfRPresented by

will allow a robot to execute visually directed reaching oot

with its end-e ector without reference to its precise kineneat 1U; D Ud1
and necessity to calculate the inverse kinematics. Thekbloc Var V1
diagram of the control law is given iRigure 2

uz

, (%)

. . whereugs: Pixel value of the target on x-axis &R, vqy: Pixel
Speci cally, we apply the Proportional and Integral (PI) value o?lthe target on y-axis iﬁi ui: Pixel value (;jflthe en-

feedback control laws to the relative distance betweenatget 2 o )
) e ector on x-axis in6 g, v1: Pixel value of the en-e ector on y-axis
and the end e ector of the exoskeleton in the 2D work planein 6
R-

de ned in Figure 1E First, we calculate the Jacobian of the In this study theW is given b
exoskeleton in this 2D pland={gure 1B, which is used in the y 1159 y

control .Iaw'. In this 2D work plane, the position of the end- cos(y) 0 0.87 0
e ector is given by WiD o gin( ) sin( y1) COS(x1) 043 050 ©
xp X with y1 D 60 [deg]: Angle between x-ax'5 6/ and P ci
y 3 y1 D 30 [deg]: Angle between x-axis®@k and ;.
(L1 L3)sings C Lycosy C Lysin(@r C au) However, W1 is always accompanied by the error from
D C Lscos@n C qa) ) calibration, thus, we approximat#/; to be unit matrix.
(L1 L3)cogy Lasings C Lacos@n C qu) C, is given by
C Lssin(d1 C da)
0 1
: o C: D (7)
Thus, the Jacobiardq is given in the 2D plane bX D Jqa, 10
T o
whereqD a; dy - Jq isgiven by Using the coordinate transformation matrix and the video
image obtained from the camera, and from Equation (3), we
a1 a1 apply the following control scheme to calculate the targettierq
Yo D a1 a2 @ Z,
d(t) D KpJqg)'C11 U1 C . KiJqa)' C11 Urd 8)
au D (L -L3)COSZ]1 Lasing: C Lacost C ) where\](qd)T is a transposed Jacobian (Equation 2) which is
Lssin(a1 C a4) approximated by the one close to the target position and kept
a12 D Lgcos@r C qu) Lssin(@i C qq) constant throughout the reaching motioKp is a gain factor for
a1 D (L1 Lg)singn Locosp  Lasin@i C da) proportional control, andK| for integral control.

C Lscos C q) As a pext step, let us galculate the .control law basgd on
i the robotic coordinate r. Using the coordinate transformation
a;2 D Lysin(a1 C gs) C Lscos@ C ) from the camera to the work space coordinate system, Equation
(4) and (8) becomes
Generally speaking,Rl control law for the target torque is given
by

t
Z, dDKp@1XC K ®P1xd 9)
d(t) D KpJy1 X C ; KiJplXd , () 0

where@ has been modi ed as follows,

with 4(t): Target torque,]a): Transposed Jacobiakp: Partial

gain parameterl X: Relative distance between the target and @b Jqo)'CiW1 'Cyp L (10)
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Actuator P@~>

A 4

T +
>C K, p|J —:?—) Valve
- Pd

R
ﬂ
I—)mlr-\

K; pPiJ

FIGURE 2 | Block Diagram of the control law. Based on the direct transfamations from visual space to actuator space, the proposed ontrol scheme will allow a
robot to execute visually directed reaching motion with it@nd-effector without reference to its precise kinematics ad necessity to calculate the inverse kinematics.

PC Exsoskeleton

Forearm
Hand Valve

Regulator(+)
DA Board M Valve I
| 24[V] Power I
[

{ Pressure gauge I<—

Regulator(-)
Amplifier
Vacuum pump

Actuator

AD Board

Silicon tube

ABS frame ' FIGURE 4 | Control Diagram. The vision-based control law was used to
minimize the relative position between the target and the acer. The pressure
sensors were placed, and AD board was used to transmit the sigals to the

FIGURE 3 | Polyethylene soft modules developed for the active joints. PC. The positive pressure regulator and the negative presse regulator was
() Design of the soft modules.(b) Soft module without actuation. (c) In ated connected to each soft actuator through the ow regulator vave which

soft module. The plastic modules were in ated by pneumatic rgulators switched the pressure between positive and negative. The pitive pressure
through silicon tubes. The ABS frames were used to maintairhe each cell regulator was connected to the tank with the compressor and he negative
structure when de ating the modules by applying negative presure. pressure tank to the vacuum pump.

h pressure actuation. We s&, D 1, and only useKp and K|
as the gain parameters to be tuned. The gain parameters will
be determined empirically for each experimental conditioheT

as long as there is not so much di erence betw&mnd Jad)'  schematic summary of the control scheme is giverFigure 2

(Nishida and Kawamura, 20).2Thus, the proposed control A5 experimental results, we will show the trajectories of the
scheme here does not require any encoders to measure tBgg-e ector in the scale of [nm], using U.

angle of the joints, contributing to the ultra-light weight the
exoskeleton. .

In order to output the target pressure to control the soft3-3- Camera Coordinate to Record the
modules, it is necessary to convert the target torque todnget  Trajectories of the End-Effector
pressure, which require the detail modeling and the non-lmealn this section, we explain how we set up the camera coordinate
mapping. This relation should be generally giverHayD B ¢.  to record the trajectories of the end-e ector ffigure 1 While
However, in this work, we simply related the desired torqueawi performing the experiments, another camera located above the
the desired pressure B8y D Bg 4. Note here, that this simple 2D work plane records the trajectories of the end-e ector.&hs
relation was made possible due to the positive and negativan the robot coordinate6 r, the relative distance between the

Note here that® is the approximated Jacobian, whic
contains errors. However, the convergence of is guaranteed
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target and the end-e ectod, X is given by

1 X D CoW51 Uy, (11)

N\

Actuator

Regulator

I
E\\\\\\\\\\

FIGURE 5 | Experimental setup to measure the torque produced by the saf

whereC,: Coordinate direction transformation matrix from c2
to 6 g, W>: Coordinate rotation transformation matrix froré c»
to 6 R.

1 U, is the relative distance between the target position and

the end-e ector based 06 ¢ in Figure 1given by

Ug2 U2
1U, D Vo V2 (12)

with ugp: Pixel value of the target position on x-axigp: Pixel
value of the target position on y-axisp: Pixel value of the end-
e ector position on x-axis,vo: Pixel value of the end-e ector
position on y-axis.

In this study W5 is calculated by setting the cameragp D 0
[deg], y2 D O[deg].

cos(y2) 0 10

WoD _ ,
2 sin( x2) sin( y2) cos( x2) 01

(13)
with o: Angle between x-axis 6fr and6 co, y2: Angle between
y-axis of6 g and6 c.

And C; is given by

Pressure[kPa]

FIGURE 7 | Torque as a function of(A) Pressure and(B) Joint angle when applied negative pressure.

actuator. By changing the angle of the joint, the torque was reasured as a 10
function of angle. C2, D 01 (14)
A B
9 9
8 3oldeg] + 1 gl 4 eI
40[deg] X 12kP]
7 50[deg] X % 7 ‘% 15[kP]
— 60[deg] [] — 18[kP] Wl
6 70[deq] Il 1{ ¥ €6 % * S 21[kP] O
> 80[deg] O ;B Z 3 a s 24[kP]
5 90[deg] @ % . 5 s i . 5 27kP]
=W - = ® 2 30[kP] A
5] . e @ o 2 & s $
=3 P e ¢ e | F3 x o I I B §
20§ ? ¢ ¢ 2 = F x  x X X
1 1 *
0 10 15 20 25 30 Ooz 08 08 1 12 14 16
Pressure[kPa] Joint Angle[rad]
FIGURE 6 | Torque as a function of(A) Pressure and(B) Joint angle when applied positive pressure.
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Attachment

End-effector Camera

Soft module

FIGURE 8 | Produced Exoskeleton Actuated by Soft Modules and experimetal setups. (A) Produced exoskeleton structure with passive and active jais. (B)
Experimental setup to test the functional properties of theystem. The end-effector was attached to the end-point of tle links, and the weight of 1.0 [Kg] was
attached to the attachment. The camera was located on the shalder position to apply the visual feedback control(C) Experimental setup of the exoskeleton with the
weight on the attachment. (D) Experimental setup with the participant (with permissiorrém the participant).

3.4. Production of Soft Actuators and Note here, that reaching motion can be only realized in the
Exoskeleton two dimensional plane de ned by the kinematic structure in
The polyethylene soft modules developed for the active jointsigure 1E The ABS parts of exoskeleton were printed by a 3D
were designed to be attached to the joints (and qu in printer. The parts for the parallel link structures were asskab
Figure 1D), and have multi-cells with one end glued togetherusing the ABS made bolts.
by thermal adhesionHigure 3). The ABS frames were used to
maintain the structure of each cell, when de ating the module 3.4.1. Development of Control Circuits
by applying negative pressure. The control diagram is given iRigure 4 We used a USB camera
The inatable actuator was pressurized by pneumatiqlogicool HD WEBCAM C525) located above the shoulder
actuators through silicon tubes, and as the individualscstiért to - of exoskeleton for the visual feedback control to calculate
push against each other, the whole module produces the torquge relative distance between the target and the end-e ector
in the fan-shaped manner as a function of pressure. Also, thehe marker was attached to the forearm to represent the
modules could produce negative torque by being de ated. Theand position. The visual processing was programmed in C++
pressure could be as low a80 [kPa] and range up to 30 [kPa]. (Microsoft Visual Studio 2013). The control law in Equation
This range of pressure was su cient to actuate the exoskaleto(g) outputs the desired pressure to actuate the in atable flast

carrying the weight of upper limb of participants. modules. The desired pressure was transmitted to the regulato
The forces generated by the soft modules are distributentlo which controlled the valves of the air ow via DA board.
the entire length ofLy, L3, and Ly, providing the torque to In order to measure the pressure at the vicinity of soft

rotate the shoulder and elbow joint respectively aigure 1E  modules, the pressure sensors (SMC ISE10-M5-C) were placed,
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FIGURE 9 | Flexion motion (positive pressure actuation) of the elbowfahe
Exoskeleton Actuated by Soft Modules(A) Visual deviation 1 U1) x(t) (Black

(B) Visual deviation { Uy ) x(t) (Black line) andy(t) (Gray line) as a function of
time, using the camera from above (C) The pressure as a function of time.
The black line represents the target pressure, and the grayne represents the
measured pressure.

line) andy(t) (Gray line) as a function of time, using the camera on the shialer.

TFP04B-10 C) and the negative pressure tank to the vacuum
pump (IWATA SCROLL VACUUM PUMP).

4. TORQUE CHARACTERISTICS OF SOFT
ACTUATORS

The torque characteristics of soft actuators, torque ashatfan

of the joint angle, was investigated using the experimentaljpse
shown inFigure 5 We performed the torque measurement of the
soft modules in the following procedure;

1. Fix the angle of the arm iRigure 5.

2. Pressurize the soft module figure 5.

3. Measure the force in the force gauge after 5 s from the moment
when the force exhibited its highest peak.

4. Go back to the procedure 1 for the next angle.

Thus, inFigures § 7 we measured the torque produced by the
soft module at the equilibrium state by xing the angle of the
joint in Figure 5 We characterized the functional properties of
the soft modules. The torque was measured as a function of (1)
pressure in the range from30 to 30 [kPa] at the incremental step
of 3.0 [kPa]; and (2) an angle when the soft module was actgati
the rotational joint with two rigid armsigure 5).

Figure 6 shows the torque as a function of (a) Pressure and
(b) Joint angle. The general trend can be observed; (1) the
torque increased as a function of pressure and (2) the torque
decreased as a function of angle. For the case of applying the
negative pressure to the soft modukégure 7 shows the torque
as a function of (a) Pressure and (b) Joint angle. The general
trend can be noted; (1) the torque increased as a function
of pressure and (2) the torque increased as a function of an
angle.

We expect that the largest hysteresis when switching the
pressure from positive to negative, as it takes a certain time
for the air ow in pipes and plastic modules to relax to the
steady state. However, we aim at the upper limb assistance in
slow motion, thus, air ow would be equilibrated throughoute
actuation.

5. FUNCTIONAL PROPERTIES OF THE
EXOSKELETON ACTUATED BY SOFT
MODULES (EAsoftM)

The developed Exoskeleton Actuated by Soft Modules is shown
in Figure 8 The rubber bands were attached to the parallel
structures of the exoskeleton in order to compensate theityrav
and the soft modules were attached in-between two plasticplate
on shoulder and elbow joints. The total weight of the EASoftM
was 967 [g], composed of assembled 3D printed arm (724 [g]),

and AD board (Contec Al-1616LI-PE) was used to transmit thesoft module (31 [g]), and attachment (181 [g]). The end-e acto
signals to the PC. The positive pressure regulator (SMC ITU205 was attached to the end-point of the links, and the camera was
212BS) and the negative pressure regulator (SMC ITV2029cated on the shoulder position to apply the visual feedback
212BS5) was connected to each soft actuator through the owontrol in Figure 1

regulator valve (SMC VEF3121-1) which switched the pressure In the following sections, we validated the functional
between positive and negative. The positive pressure regulatproperties of the EASoftM, rst by putting the weight of 1.0
was connected to the tank with the compressor (IWATA[kg] on the attachment of the exoskeleton arm, and secortly,
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FIGURE 10 | Trajectories of the end-effector in x-y plane (positive pesure actuation), using(A) the camera on the shoulder and(B) the camera from above. The
target is denoted by the circle.

performing the participant experiments as shownHigure 8D.  to the loss of the pressure through the pipelines, the deviation
In both experiments, the relative distance between the endetween the target pressure and the measure pressure remained
e ector and target, and trajectories in the 2D camera framesaw The nal visual deviation wasdx D 0.44 [mm] and
measured as a function of time as well as the pressure applied4g/ D 0.20 [mm] inFigure 10A demonstrating the substantial

the individual soft modules. accuracy for reaching motion. This accuracy also proves tieat t
visual-based control as represented in Equation (8) can work
5.1. Functional Properties of the e ciently with the approximated kinematics. The trajectoryf o

the tracer attached to the attachment of the exoskeletowstibe
Exoskeleton Actuated by Soft Modules circular trajectory as a result of the motion of the elbowatidn

(EASoftM) under the Weight Load in Figure 10R

In this section, we demonstrated the functional properties of

EASoftM with the weight load of 1.0 [kg] attached to the5 1.1.2. Extension motion to the target (negative pressure
exoskeleton arm. To validate the motion of the EASoftM foractuation)

positive and negative pressure actuation, we characterized t1q actuate the soft modules by the negative pressure, the gain
motion of the exoskeleton for exion and extension, respesly, parameters were set t; D ky D 2.5 andkiy D ki D 0.2
from one degree of freedom (elbow) to two degrees of freedory Equation (8). We could successfully show that extensibn o
(elbow and shoulder). Finally, we performed more complexhe elbow of the EMSoftM was possible by applying the negative
reaching motion which combined the extension and exion by pressure as shown iRigure 11 The convergence was shown to

switching target positions. the target position Figures 11A,B and to the target pressure
(Figure 11Q. The ABS frame inserted to each plastic cell worked
5.1.1. 1D Elbow Motion Using the Elbow Joint of the to prevent the collapse of the structure of the cells when dagti
Exoskeleton Actuated by Soft Modules (EASoftM) air from them. Figure 12 shows the trajectories of the end-
5.1.1.1. Flexion motion toward the target (positive pressu e ector, demonstrating the extension of the exoskeletoneTh
actuation) nal visual deviation wagl x D 0.30 [mm] and4y D 1.65 [mm]

For the 1D rotation of the elbow of the EASoftM, the gainin Figure 12A
parameters were set gy D kp, D 2.0 andkiy D k2 D
0.2 in Equation (8).Figures 9A,B shows the visual deviation 5.1.2. 2D Motion Using the Elbow and the Shoulder
(relative distance between the target and the end-e edtdd;  Joints of the Exoskeleton Actuated by Soft Modules
in Equation 5) ofx(t) and y(t) as a function of time, using the (EASoftM)
camera on the shoulder. Note here, that this visual deviatias ~As a next step, to validate the 2D motion using the elbow and
input to the control law in Equation (8) where&sgure 9Bshows the shoulder rotation, we performed the experiments using the
the visual deviation (relative distance between the taagetthe  weight on the attachment under following conditions; (1¢kion
end-e ector,1 U, in Equation 12), using the camera from abovemotion to the target, (2) Extension motion to the target, (3)
to record the trajectories of the end-e ector. It takes abt@tsto  Triangular motion with three targets.
reach the target set atD y D 0.

Figure 9Cshows the pressure of the soft module as a functio®.1.2.1. Flexion motion to the target (positive pressure
of time. Since the relative distance between the target &erd t actuation)
tracer is highest at the initial position of the tracer, the ggere  The gain parameters were setkgy D 2.0kpz D 2.0 for the
prole shows the slow convergence to the target pressurelbow joint, andkp; D 0.2,k D 0.2 for the shoulder in Equation
re ecting the slow pneumatic actuation of the soft moduleseDu (8). For the case of 2D motion using the elbow and shouldett§oin
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of the exoskeleton arm, which is highly non-linear itselfeTbw
regulator valve controls the constant air ows from the postiv

140 and negative regulator, and the pressure within a range ®0D
E‘120 and 5.0 [kPa] is outside the precision of the air ow/pressure
£ 100} regulators. However, due to the friction between the AB8& s,
= - this low pressure range will not result in any substantial terq
= generation. Since the relative distance between the tangthe
'g 60 tracer is highest at the initial position of the tracer, the ma®
T 4o} pro le shows the slow convergence re ecting the slow pneumati
o 20l actuation of the soft modules. The trajectories of the endetoe
g are shown irFigure 14

0] N The relative distance to the target was achieved td keD

20 ‘ ‘ ‘ ‘ ; ‘ 0.65[mm]anddy D 1.75[mm]. This precision is surprising as

J : 9 1'?ime2[g] 2 =l 58 the control laws in Equation (8) only used the visual inforioat
B of the relative distance between the target and the end-erect

140 ‘ ‘ ‘ ‘ ‘ ‘ ‘ as input to the control law. Note here, that the kinematics of
— 120 ] the exoskeleton is only provided as approximation and is kept
E 100l constant throughout the reaching motion. In the classicaltool
= theory, once a target has been de ned in the robots work space
-% 80} 1 using its sensors, the necessary nal pose to intercept thebbje
S 60t | must be calculated using some form of inverse kinematias: th
3 40 explicit transformation of work space coordinates into joint
Tg angles. However, the inverse kinematics is very sensities oo,
a2 20 ] thus, the visual-based control should be appropriate for caintr
> o\f = of soft modules.

g5 0 1520 25 30 35 5.1.2.2. Extension motion to the target (negative pressure

Timel[s] actuation)
€ 5 , , ‘ . ‘ . , The gain parameters were set fgg D 2.0k D 20

15 for the elbow joint, andkpy D 0.2k D 0.2 for the

10l shoulder joint in Equation (8). It was shown that the extemsi
© motion is also possible when applying the negative pressure to
94._'. 2 achieve the exion motion as shown iRigures 15A,B Due to
o 0 the integral control accumulating the visual deviation atte
§ -5 friction between the ABS frames, there were, around 20 and
o -10 35 s, two steep changes in values of the measured pressure in
o -15 Figures 15C,D Note here that the pressure range betwedn0

-20 ] and 5.0 [kPa] is out of the controllable range of the ow/press

-25 1 regulators inFigure 4 The measured negative pressure in the

-30 540 15 20 25 30 35 ow regulation valve is attributed to the constant de atiorf o

Timel[s] the air from the negative pressure regulatéigure 16shows the
trajectories of the end-e ector. The relative distance totiuget
FIGURE 11 | Extension motion (negative pressure actuation) of the ellboof was achievedtobex D 0.93[mm]anddyD 1.57 [mm].

the Exoskeleton Actuated by Soft Modules(A) Visual deviation { Uy ) x(t)

(Black line) anqy(t) (Gra}/ Iine) as a function of ltime, using the camera on the 5.1.2.3. Reaching motion with three target positions
shoulder.(B) Visual deviation 1 Uz) xt) (Black line) andy() (Gray line) as a We placed three targets to allow the end-e ector to demonstrate
function of time, using the camera from above(C) The pressure as a function - .
of time. The black line represents the target pressure, anche gray line the closed Ioop motion, i.e., the end-e ector should comekbac
represents the measured pressure. to its initial place. The target was switched to another targe
when the relative distance between the target and the endtere
reaches<5.0 [mm]. The gain parameters were setkg D
2.0kpz D 2.0 for the elbow joint, andtyy D 0.2k, D 0.2 for
of the EASoftM, it was shown that the reaching motion was alsthe shoulder joint in Equation (8).
possible as shown iRigures 13A,B Figures 17A,B show the position of the targetx(t) and
The drop in pressure around 14 s Figures 13C,Dwas due y(t), using the camera on the shoulder. We can clearly
to the change of torque generated by the posture transfoomati observe that the end-point reaches the rst target, the sdcon
and the gravitational force, as the exoskeleton arm exdue T target, and goes back to the initial position where the third
non-linear nature of this drop should come from the kinenwati target was locatedrigure 18 shows the target and measured
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FIGURE 12 | Trajectories of the end-effector in x-y plane (negative pssure actuation), using(A) the camera on the shoulder and(B) the camera from above. The
target is denoted by the circle.
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FIGURE 13 | Flexion motion (positive pressure actuation) of the elbowral the shoulder of the Exoskeleton Actuated by Soft Modules(A) Visual deviation 1 U1) x(t)
(Black line) andy(t) (Gray line) as a function of time, using the camera on the shigler. (B) Visual deviation { Uy ) x(t) (Black line) andy(t) (Gray line) as a function of
time, using the camera from above (C) The pressure of the shoulder module as a function of time. Thilack line represents the target pressure, and the gray line
represents the measured pressure(D) The pressure of the elbow module as a function of time. The btk line represents the target pressure, and the gray line
represents the measured pressure.

pressure as a function of time for the shoulder (a) andransition for switching the sign of the pressure, leading
the elbow (b) joint. When switching the target position,to the smooth transformation of motion from exion to
there were corresponding jumps in the target pressure, bugxtension.

note here that the measured pressure followed a smooth For the case of reaching motion by switching three targets
curve from the positive to negative pressure around 7 s isequentially, it was shown that the reaching motion could
Figures 18A,B It is a promising feature of the soft module demonstrate the closed loop motion as showrrigure 19 even
used to actuate the exoskeleton to demonstrate the smoothough there was some overshoot in the relative distance and
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FIGURE 14 | Trajectories of the end-effector (positive pressure actu#n) in x-y plane, using(A) the camera on the shoulder and(B) the camera from above. The
target is denoted by the circle.
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FIGURE 15 | Extension motion (negative pressure actuation) of the elboand the shoulder of the Exoskeleton Actuated by Soft Module. (A) Visual deviation { Uq)
x(t) (Black line) andy(t) (Gray line) as a function of time, using the camera on the shiaer. (B) Visual deviation  Uy) x(t) (Black line) and/(t) (Gray line) as a function of
time, using the camera from above (C) The pressure of the shoulder module as a function of time. Thelack line represents the target pressure, and the gray line
represents the measured pressure(D) The pressure of the elbow module as a function of time. The btk line represents the target pressure, and the gray line
represents the measured pressure.

the measured pressure as a function of time when switching the target, we performed the experiments with one participant.
targets. The ethical approval was permitted by the ethical committee

. . of Ritsumeikan University (BKC-medical-2016-05Ej)gure 8D
5.2. Functional Properties of the y ¢ s

Exoskeleton A_Ctuated by So_ft_ModuIes participant. The equilibrium point of the upper limb was shifted
(EASoftM) Validated by Participant to match the desired work space appropriate for reaching motion.
Experiments The visual process using the camera on the shoulder could

shows the Exoskeleton system attached to the wrist of the

To evaluate the functionality of EASoftM in providing asaiste  successfully monitor the position of the tracer to apply the visual

with a wide range of reaching motion and precision to reachcontrol law (Equation 8).
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FIGURE 16 | Trajectories of the end-effector in x-y plane (negative pssure actuation), using(A) the camera on the shoulder and(B) the camera from above. The
target is denoted by the circle.
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FIGURE 17 | Reaching motion using the elbow and shoulder joint of the Exgkeleton Actuated by Soft Modules, using the camera on the sbulder. (A) x(t) as a
function of time. (B) y(t) as a function of time.

5.2.1. Flexion Mation to the Target (Positive Pressure
Actuation)

The gain parameters were sethkgg D 2.0kp, D 2.0 for the
elbow joint, andkpy D 0.2k, D 0.2 for the shoulder in
Equation (8). For the case of 2D motion using the elbow and

shoulder joints of the EASoftM, it was shown that the reachind.2.2. Extension Motion to the Target (Negative

motion is also possible, as shownRigures 20A,B Pressure Actuation)

The sudden rise in pressure around 8s kigures 20C,D The gain parameters were set tgp D 20k D 20
was due to the con guration changes of the soft moduledor the elbow joint, andkyy D 0.2kp D 0.2 for the
under the friction. However, this type of uctuation within shoulder joint in Equation (8). It was shown that the extamsi
the low pressure range does not produce enough torque tmotion is also possible when applying the negative pressure
a ect the rotation of the joints Since the relative distanegeeen to achieve the exion motion as shown ifrigures 22A,B
the target and the tracer is highest at the initial position ofFigures 22C,Dshow the pressure of the shoulder and elbow
the tracer, the pressure prole shows the slow convergeno@odule respectively as a function of time. After 3s from the
re ecting the slow pneumatic actuation of the soft modules.initial targets, their pressure converged to the target pness
The trajectories of the end-e ector are shown figure 21 As  Figure 23shows the trajectories of the end-e ector. The relative
the exoskeleton itself was designed based on the anatomichétance to the target was achieved todbe D 10.12 [mm] and
nature of human body, the two link motion in parallel to 4 y D 9.92 [mm].

the human upper limb was smooth. The relative distance
to the target was achieved to Bex D  0.89 [mm] and
4y D 2.66[mm].

Frontiers in Neuroscience | www.frontiersin.org 14 July 2017 | Volume 11 | Article 352


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Oguntosin et al.

Exoskeleton Actuated by Soft Modules

B 30
20}
g & 10}
< 3
° o of
2 2
%-10 g-m
@ 20 o 20
_3o.j -30
-40g 020 30 40 50 00 0 20 30 40 5
Time[s] Timel[s]

FIGURE 18 | Reaching motion using the elbow and shoulder joint of the Exgkeleton Actuated by Soft Modules, using the camera on the sbulder. The black line
represents the target pressure, and the gray line represestthe measured pressure.(A) The pressure of the shoulder module as a function of timgB) The pressure of
the elbow module as a function of time.
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FIGURE 19 | Trajectories of the end-effector in x-y plane, usingA) the camera on the shoulder and(B) the camera from above. The rst target is denoted by circle,
the second target by square, and the third target by triangle

5.2.3. Reaching Motion with Three Target Positions the pressure, leading to the smooth transition from exion to

By switching three targets sequentially, we demonstrated t extension.

closed loop motion, i.e., the end-e ector should come back For the case of reaching motion, by switching three targets

to its initial place. The target was switched to anothersequentially it was shown that the EASoftM could demonstrate

target when the relative distance between the target and thee closed loop motion as shown kkigure 26 even though there

end-e ector reached<5.0 [mm]. The gain parameters were were some overshoots in the relative distance and the medsure

set to kg D 220k D 220 for the elbow joint, pressure as a function of time when switching the targetseNot

and kg D 0.50k;x D 0.50 for the shoulder joint in here, that the straight trajectories can be realized byrigrihe

Equation (8). transformation matrix from visual to work space in Equatid) (
Figures 24A,B show the position of the targetx(t) and (Henry Eberle and Hayashi, 2017

y(t), using the camera on the shoulder. We can clearly

observe that the end-point reaches the rst target, the

second target, and goes back to the initial position wher®. GENERAL DISCUSSION

the third target was locatedFigure 25 shows the target

and measured pressure as a function of time for t

shoulder (a) and the elbow (b) joint. When switching

the target position, there were corresponding jumps in

the target pressure. Overall, it is a promising featurel. A few degrees of freedom; Motion in daily life requires

of the soft module used to actuate the exoskeleton to the coordinated joint motion. Thus, the assistive robots are

demonstrate the smooth transition in switching the sign of expected to support a set of joints in upper or lower limbs.

hél‘herapeutic intervention using the assistive robots has been
proven to be e ective when including the following design
speci cation (Loureiro et al., 2014
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FIGURE 20 | Flexion motion (positive pressure actuation) of the elbowral the shoulder of the Exoskeleton with the participant(A) Visual deviation T U1) x(t) (Black
line) andy(t) (Gray line) as a function of time, using the camera on the shiuer. (B) Visual deviation { Uy ) x(t) (Black line) andy(t) (Gray line) as a function of time, using
the camera from above.(C) The pressure of the shoulder module as a function of time. Thilack line represents the target pressure, and the gray lineepresents the
measured pressure.(D) The pressure of the elbow module as a function of time. The b&k line represents the target pressure, and the gray line repsents the
measured pressure.

FIGURE 21 | Trajectories of the end-effector (positive pressure actu#n) in x-y plane (with the participant), usingA) the camera on the shoulder and(B) the camera
from above. The target is denoted by the circle.

2. Precise motion control: The precision at the reachingt. Compliant assistance: Muscle contraction provides
point is required, as well as the precision in trajectories compliance in joint dynamics. Thus, assistance should
and certain dynamical aspects (target velocity and also be compliant.

acceleration). . . . .
3. Wearable assistive robots in daily life: Cost-e ectival an To realize the precise motion with a few degrees of freedo, th

ultra-light solutions should be developed for wearableconventional methods would suggest the industrial type robot
assistive robots which support the motion in daily such as metal exoskeleton which is a hard, rigid structur@ an
life. heavy Krebs et al., 20Q0not ful lling the condition 3. A new
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FIGURE 22 | Extension motion (negative pressure actuation) of the elppand the shoulder of the Exoskeleton with the participant(A) Visual deviation { Up) x(t)
(Black line) andy(t) (Gray line) as a function of time, using the camera on the shiwler. (B) Visual deviation T U,) x(t) (Black line) andy(t) (Gray line) as a function of
time, using the camera from above (C) The pressure of the shoulder module as a function of time. Thelack line represents the target pressure, and the gray line
represents the measured pressure(D) The pressure of the elbow module as a function of time. The btk line represents the target pressure, and the gray line
represents the measured pressure.

FIGURE 23 | Trajectories of the end-effector (negative pressure actuin) in x-y plane (with the participant), usingA) the camera on the shoulder and(B) the camera
from above. The target is denoted by the circle.

type of a wearable robot called soft exoskeletons or exosuits We think that the e ective transfer of the force should

an interesting alternative. Removing the external metainfa take into account the anatomical structure of limbs and fejn

soft exoskeletons become compliant, much lighter, and coulcequiring the solid structure of the assistive device. Hider

be signi cantly less expensive than rigid frame wearablet®b and disabled people already have weakened bones and muscles,
(Panasonic, 20Q05However, soft exoskeletons main drawbackso if the force is transmitted in the wrong manner, adding

is the same as their main strength: they have no external rigiunnecessary strain to their body parts, it might lead to joint
frame to support the body parts and transfer force e ectivelydegeneration, damage their muscles or tendons. Thus, in our
from actuator to some area of body. study, aiming at the reaching motion of upper limb, we developed
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FIGURE 24 | Reaching motion using the elbow and shoulder joint of the Exskeleton, using the camera on the shoulder(A) x(t) as a function of time.(B) y(t) as a
function of time.

FIGURE 25 | Reaching motion using the elbow and shoulder joint of the Exskeleton, using the camera on the shoulder. The black line presents the target pressure,
and the gray line represents the measured pressurgA) The pressure of the shoulder module as a function of timgB) The pressure of the elbow module as a
function of time.

FIGURE 26 | Trajectories of the end-effector in x-y plane, usingA) the camera on the shoulder and(B) the camera from above. The rst target is denoted by circle,
the second target by square, and the third target by triangle

Frontiers in Neuroscience | www.frontiersin.org 18 July 2017 | Volume 11 | Article 352



Oguntosin et al. Exoskeleton Actuated by Soft Modules

and validated the exoskeleton actuated by soft modules b ful the negative pressure actuation and gravity compensation. In
these four conditions. We proposed the exoskeleton alignesddition, despite of the challenges imposed by such choice of
with the anatomical structure actuated by the soft modulesardware components materials, we did not lose the precision of
located at the joint positions, and these soft actuatorsizedl position control since the vision-based control was employed
the compliant motion based on pneumatic actuation and visco- The further work is planned to make a whole system
elastic properties of soft materials such as plastic and rul#k®r portable and wearable. This can be achieved by the pneumatic
far as we are aware of, this proposed structure demonstrated tlactuators, the regulators and the power supplies being mounted
rst possibility of integrating the rigid exoskeleton andelsoft in a waist belt pack so that the participants can freely move
actuators to assist the reaching motion, as well as thendsésed  around. Also, aiming at the wearable and portable system,
control law showing its e ective functionality in guidingéhand we can use the small motors to pump in the air, and the
of the participant to the target. simple electric circuits to control the pressure of the soft
This vision-based control has a certain advantage when th@odules Qguntosin et al., 2095 By placing those electric
exoskeleton is used in the daily life, i.e. the visual analyahn  components in the waist belt, the electromagnetic wavesldhou
be easily extended to detect the target such as cups and pefs interfere with the EEG measurement. In the near future, w
in the work space, and it does not require any encoders andill integrate the robotic system with an eye tracking system
a set of cables transmitting the signals, which add technicao transmit the intention of the participant identifying the
complexity to the integrated system. Thus, closing the auntr desired targets, as a natural extension of the vision-basettol
loop only by visual information is a exible solution that schemes toward the daily exercise. As a mid-term plan, we will
can easily integrate low level motion control with highevéé integrate the proposed robotic system with Brain Computer
intelligent control. More speci cally, since we aim at slowlInterface to estimate the users motion intention in order to
reaching motion, the necessary torque mainly will be used tarigger the assistive motionHayashi et al., 2012; Kondo et
compensate the gravity. Although, it is in principle possible toal., 201, as the system discussed in this article provides an
use the active actuator for this purpose, however, it would beptimal solution for the measurement of the EEG signals,
hard to produce the wearable device aligned with the anataimicsince its construction made of plastic (metal-free struetand
structure, as it would increase the number of actuators iegli  actuation) in principle does not produce any electromagnetic
Thus, in our study we used the passive actuator for gravitwaves.
compensation to decrease the weight for wearable purposes.
As a next step, we developed the pneumatic actuators ma¢eTH|CS STATEMENT
of plastic sheets, which has good tensile strength and ig, ligh
and could produce substantial torque for our purposes underhis study was carried out in accordance with the
1 atmospheric pressure. Conventionally, antagonist actuatgecommendations of Ritsumeikan medical ethical guidelares
is necessary to actuate the single joint, resulting in mor@itsumeikan Ethical Committee with written informed consent
weight and higher number of tubes. In our study, we couldfrom all subjects (BKC-medical-2016-051). All subjectsega
successfully demonstrate that the positive and negativespres written informed consent in accordance with the Declaratiuin
can be applied subsequently to produce the torque to increasgelsinki. The protocol was approved by the Ritsumeikan Ethical
and decrease the angle of joints. The low pressure actuati@@ommittee.
contributed to the smooth transition of the pressure as shamwn
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