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ABSTRACT

Currently, full body exoskeletons still lack moviiin their back and shoulder parts, resulting
in limited applicability in, e.g., nursing care. Aexoskeletal spine and shoulder mechanism
called “exo-spine” has therefore been developedhwhe purpose of allowing 3 degree of
freedom (DOF) spinal motion and 2 DOF shoulder grdbduction. It consists of a mechanism
of vertebras, shoulder blades, and two cables @buaion such that only one motor is required.
Control equations were obtained through measuresnand friction analysis. Experiments were
performed with a subject wearing the exo-spine ginaplified full body exoskeleton. The wearer
was able to lift up to 40 kg using all DOF of thestem. From this we confirmed the exo-spine’s
5 DOF movability and lifting performance. Next, tle@o-spine will be installed in HAL
exoskeletons in order to increase their usabilithealth care settings.

Keywords: Spine, exoskeleton, cable actuation, health tiétreg.

INTRODUCTION

With the aging of many advanced societies the Wwoskl for health care workers has already
risen substantially. Despite all the interventiomshealth care work, such as [1] [2], it is still
dangerous to the workers’ own health, resultinghany cases of back pain [3]. Patient handling
techniques have been designed to prevent thid{d]at the same time they restrict the normal
human adaptability to do a variety of tasks, itkey complicate the “control problem” [5] of,
e.g., how to help a fallen patient up from the floo

One type of solution developed recently that cacrease the lifting ability of health care
workers are full body exoskeletons [6] [7]. Whiteey have shown promising results, they also
decrease their wearer’s movability by restrictingny of his normal degrees of freedom (DOF),
mainly around the hips, back and shoulders, makimgpossible to reach the floor to help up
the patient. If exoskeletons could assist withngtheavy loads using a larger variety of postures,
including those that are normally unhealthy suchfeisg with a flexed or twisted back [4], they
would increase their wearer’s ability to solve e#&$k’s control problem while still preventing
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back pain. Much like a lifting team of several werg, one trained person wearing such a
versatile exoskeleton would be able to providestmae lifting assistance.

Given the arrangement of DOF on the human bodlyyarkatility in exoskeletons is especially
difficult to achieve for the upper body. Full arrct@ation for all DOF has been done, such as [8],
although not yet in untethered, fully wearable s/p@urrently, the part of full body exoskeletons
that is restricting the wearer’s versatility the shas the part between the hips and shoulders,
which is often completely rigid. Since alltogethieese parts contain 7 DOF, exoskeletons would
require 7 extra actuators, using standard robtgidsnology, to regain this movability.

At present, several exoskeletal devices existahsitst (parts of) the shoulder and back. They can
be grouped as follows. Exoskeletons with an unédhipower supply include both wearable
types with a tether as well as those fixed to a&l8s10]. Although wearability is restricted to
the power supply, this group has few limitationstbe amount of actuators. Two solutions for
shoulder motion can be seen: free shoulders and aith interaction at the hands [7], and full
actuation using one motor per DOF [8] [10]. Anotlgeoup consists of full body exoskeletons
that carry their own power supply [6] [7] [11]. Witthis extra limitation on the amount of
actuators neither spine motion nor shoulder gindégion has been implemented. Another group
of more lightweight exoskeletal devices that attémlthe arm are used for rehabilitation and
force feedback systems [12] [13]. Their applicasi@low for a separate power supply and the
required actuator forces are lower, such thatdbbulder actuation is possible. Comparing the
above devices it can be concluded that the availpblwer imposes strong limitations on a
battery powered, full body exoskeleton, especidfly spinal movements. In addition, the
conventional solution of one actuator per DOF wawduire more motors than can be carried
along.

Figure 1 : Example setting of the HAL-5 robot suitfor nursing care.

1.1 Setting and purpose

This research is part of the ongoing work with thbot suit HAL (Hybrid Assistive Limb) to
develop a solution for nursing care (Fig. 1). Therent HAL suit, HAL-5, is a full body
exoskeleton that carries its own power supply lfe¢onsists of frames interconnected by power
units that each contain an electromotor and argigosd directly next to the hip, knee, shoulder
(flexion) and elbow joints of the wearer. Additiormassive DOF are located at each shoulder,
upper arm, and ankle joint. The system is contdodecording to the intentions of the wearer,
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which are obtained by measuring the bioelectrioaigBES) on the skin above the main flexor
and extensor muscles associated with each augmlentean joint. Motor torques are calculated
according to these signals. This “voluntary coritolethod as well as the actuators and
electronics used in HAL-5 are also used in thisaesh.

In order to solve the problems encountered with fpgnal and shoulder flexibility of
exoskeletons in health care work, this researchpgae is to present a novel solution called
“exo-spine” that provides the required flexibiliand lifting assistance, i.e. 3 DOF spinal and 2
DOF shoulder girdle motion with augmentation fdting in the front. Moreover, by maximizing
the effectiveness of its actuation towards theearment of heavy work it is able to do so using
only one motor. More generally, the proposed sotutvill be important for exoskeletons in all
kinds of settings, such as rescue work, factomesaagriculture, increasing their applicability to a
larger variety of tasks.

MATERIALS AND METHODS

This section will first describe the background aequirements for the exo-spine. After that the
mechanics and control will be handled one by ome 4] for a more extended discussion of
some of the mechanical details shown here.

2.1 Exo-spine general design

In order to simplify the mechanism and its actuatiowill be useful to look at the required
support forces during usage. Ros#nal. found that when performing daily living tasks the
gravitational component of the support forces ant®tor more than 90% of the total forces [15].
In addition, during heavy lifting tasks gravity é&s will account for almost all required
actuation. Furthermore, the objects that are tbfteel are too heavy and large for the wearer to
carry them on one side while still being able tdkwa a balanced way. Therefore, the assistive
forces the spine and shoulder girdle need are tthasessist these parts to counter gravity forces
from loads in the front. Instead of having as maatuators as the total number of DOF it would
thus be more effective to use a few actuatorsfttais on such lifting action only.

With this, and the notion of the “neutral positicas the straight and non-rotated spine position,
the purposes and design requirements of the diff@©F are as follows:

e Spine flexion (forward bending)

Because lifting is in front this is the most im@ort DOF. It extends the total flexion range of the
upper body and allows for more natural bendingyrest Due to the position behind the wearer
the exo-spine is required to extend when flexing.

e Spine lateral flexion (sideways bending, left oright)

The purpose is to be able to lift up or put dowyeots that are tilted sideways; it is not meant to
lift up objects from the side. The required forees always toward the neutral position in order
to balance the weight of the wearer and the loadhas center of mass moves somewhat
sideways.

e Spine rotation (rotation around the vertical axis)

Rotation can be used, for example, to move obgdewvays or to extend the reach of one arm
when reaching over a bed. To prevent large rotatishen carrying heavy loads a supporting
torque towards the neutral position should be thetl
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e Shoulder girdle motion

Its purpose is to allow deeper flexing of the uppedy, meaning that especially abduction
(forward motion) is required. The assisting forsalways against gravity and toward adduction
(backwards). Because the assistance is requirdteaame time when the spine is flexed, the
spine flexion and shoulder adduction forces canmaehanically coupled into a functional
degree of freedom (fDOF), which is described next.

An fDOF is a strategy used by our central nervassesn to control our high-DOF bodies in 3D
space [16]. An fDOF implies that in certain sitoas two or more muscles act based on the same
control signal. Thomast al. have shown that during reaching tasks 94.7% optak-to-peak
dynamic torques (i.e. excluding gravitational comguats) at the ankle, knee, hip, spine, shoulder
and elbow are determined by one parameter, i.efl@0@& [15]. For only the hip and spine the
correlation must be even higher, such that it issgile to use the BES signals from the hips,
which are already measured in the HAL, as the obsignal for the exo-spine.

While the mechanism explained below has some gimgis with the human spine, these have
mainly been chosen in order to enable the integradf several DOF with one actuator, as well
as to be able to extend when flexing. For humamolmbts several spine structures have been
developed [18] [19], and similar actuation systdrage been used in, e.g., snake-like robots [20].
However, these systems do not need to extend vigrend or to interact with a wearer.

2.2 Mechanics

Spine hyperextension as well as movements beyandthrage human spinal range of motion
(ROM), which are not absolutely necessary for heaoyk, were not included in the ROM of the
exo-spine. In addition, position control of the repiis not needed, since the wearer himself
controls the positions of the exoskeleton, so ithatsufficient to use torque control based on the
wearer’s BES. This method is the same as curreistig in HAL-5 for other active joints. As can
be seen in the schematic diagrams in Fig. 2, thpgsed structure has 5 vertebras. Each vertebra
has a small ROM, and altogether they produce theined total ROM. The links between the
vertebras constrain the movements.

Linls
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Figure 2 : Schematic diagram (side view) of the exspine’s structure, consisting of links and vertebas, each
with three joints. Forward flexion motion is shownin (a), part (b) shows the naming of the joints aarding to
position (A: front, B: mid, C: rear) and vertebra number. Coordinate frames at all figures can be usefbr
comparison: X points to the front, Z to the top, anl Y to the right.

Fig. 2a shows the fundamental structure and basieaird flexion motion of the exo-spine. With
the vertebras and links connected into a pantogthplwhole structure flexes forward as one
single DOF, and does so while extending as a witate.2b shows the whole mechanism. The
different joints here are named according to tipesition (A: front, B: mid, C: rear) and the
number of the vertebra they belong to. When comisigeonly forward flexion all these joints
can be thought of to move as 1 DOF rotational gil¥ith this in mind, actuation is achieved by
2 cables (dotted line above motor in Fig. 2b) tat from a electromotor at the bottom. (In Fig.
2b they are behind each other, so that only oreisiseen.) They pass all the C joints, and end at
a lever at the top. (This lever is explained in tiext paragraph.) When the motor provides a
torque, Tmotor, @ pulling force is created in the cabl€g,ne that pulls the mechanism to flex
upward. The upward-flexing moment createdHaye balances the force produced by the load at
the exoskeleton’s armBjya¢. As for the actuation, the moment arm from theonéd the cables

is 30 mm. A pre-tension spring connected to théepslstores some of the energy when flexing
forward in order to relieve the motor. It has astant of 25.23 N/mm and attaches through a
pulley (radius 12.5 mm) to the motor output shafptovide a pre-tension torque. Calculations of
the total force balance are described in Secti8n 2.
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Figure 3 : Schematic diagram (top view) of the towertebra (middle, black, vertebra 5) and the shouldr blades.

The two cables that actuate the spine are connéutadever at the top vertebra (Fig. 2b). From

this lever two other cables each support one “steyublade”. These shoulder blades are shown
schematically in Fig. 3. They enable abduction afheshoulder. The lever’s moment arm ratio

between the two sets of cables is determined dwaththie assisting force towards adduction of

the shoulders balances that of the spine during deeding.

To enable lateral flexion and spine rotation thecima@ism’s joints have been made as follows:
the front (A) joints are 1 DOF rotational jointstet mid (B) joints are 3 DOF ball joints (rod
ends), and the rear (C) joints are 3 DOF ball pinith 1 translational joint. This translational
joint is explained in Fig. 4b. Each link contaimsnts P1-P2-P3-P4 that form a paralellogram.
With this, joint C is able to move sideways (a$ig. 4c), which is normal to the view of Fig. 2b.
With this motion each vertebra’s C joint can rotateund its B joint. This enables the rotation of
the whole exo-spine. Lateral flexion is made pdedily the rod ends at joints B and C, as shown
in Fig. 4d. Each vertebra can flex sideways atdljests. These small lateral flexions of each
vertebra altogether produce the total lateral 8e8xROM of the exo-spine. Fig. 5 shows CAD
drawings of the actual vertebras (top) and linkettthm). The two cables that actuate the
exo-spine run through the small pulleys locateduladoeach vertebra’s C joint. They are
indicated in Fig. 5a by “VP” for the vertebra pyleand “LP” for the link pulleys.

Vertehr 7 .
a vy  Rear View

Joint
E{:E: o Straight Rotation La tpml/ﬂpa
P P
3 4
P P
1 R4
(b) (©) (d)

Figure 4 : Schematic diagram (rear view) of 1 linkand 2 vertebras showing their movement during rotabn
and lateral flexion.
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Actuation of both lateral flexion and rotation ish&eved by the same two cables and motor as
for forward flexion. When flexing laterally to, faxample, the right, the cable on the right side
becomes slack, such that the left cable produce®raent back towards the neutral position.
This helps balancing the load when flexing latgralls for rotation, the changing positions of
the vertebra and link pulleys cause the cablesetmme zigzagged, thus producing a small
torque toward the neutral position.

=,
1

Side movement
for rotation

(@) (b) ()

Figure 5 : CAD drawings of one vertebra (top) and pe link (bottom), with (a) general view, (b) left &le view,
(c) front view. Joints are indicated with red dotsand named as in Fig. 2b. The spring attachments are
indicated in (a) by “S”, one vertebra pulley by “VP’, and one link pulley by “LP".

(@) (b) )(c

Figure 6 : Pictures of the actual prototype for (a)spine flexion and shoulder abduction, (b) lateraflexion, and
(c) rotation. The black beams in the pictures wereised for temporary support.
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Figure 7 : Full exo-spine system with motor, electmics, and simplified legs and arms to verify its @rformance.

Fig. 6 shows the exo-spine prototype itself. Thalthbeight is 350 mm, spanning the upper
two-thirds of the human spine. Figure 7 shows tteespine attached to a simplified exoskeleton
for experimentation.

For stability there is one more precaution to desta Because the individual positions of the
vertebras are not controlled the mechanism canléwi#leways (limited to a deflection of 10

mm at the center). The exo-spine is therefore gmapwith springs, 2 per link (left and right

sides), shown in Fig. 2b for one link. They simn#&ausly balance the weight of the arms and
shoulders sideways. These springs are fixed atirf§*ig. 5a with each connecting to a short
cable that passes pulley LP and is fixed next teepWP. Buckling is still possible, but happens

only occasionally.

Furthermore, to be able to fully control the exaspt will be necessary to calculate the flexion
moment on the spin®)spine Suppose the exo-spine would have only two veatgla fixed base
and one moving vertebra, théf,ine would be calculated as the load times the distandbe
instantaneous center of rotation (ICOR) of the elmnd. The position of the ICOR can be
determined as shown in Fig. 2b for vertebra 4. @R of all vertebras can then be combined
into an average ICOR for the whole exo-spine, bnvdoing so the relative flexion speeds of
all vertebras, which change for different flexiomgées, should be incorporated. The rotational
energy balance per infinitesimal amount of flexisitherefore calculated and used to determine
the horizontal distance (i.e. in the X-directior) joint Al to the average ICOR, which is
Xicor_ave(shown in Fig. 2b), as follows:

ool Moo WX b, N4, NV F e XL (1)
Bl U2 & U W T ¥ N S P W I P PR R (2)
whereda; is the infinitesimal change in the angle betweertebras andj (with das; the change
in angle between top and bottom, equal to the s@ralloother da; in (1)), andX is the
horizontal distance between joint A1 and the ICARhe k-th vertebra. Note that it does not
matter with respect to which poi is defined, since the average ICOR is a fundarhenta
property of the mechanism. For the vertical Z-positwith respect to A1 a similar calculation
can be made. The average ICOR moves backward anduggward as shown in Fig. 2b.
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2.3 Control equations

To enable control of the motor torque based onatbarer’s BES signal, it is necessary to know
the relationship between the desired total hip mmamdy, which is directly based on the
wearer’s hip BES, and the required torque of the-gxne’s motor ot This can be obtained
by measuring the support force generated at thekeketon’s arms at a certain distance in front
the exo-spine’s shoulder and for a certdifoor. At present there is no load estimation
functionality in HAL, however, so that the load pms1 must be assumed. In this research the
position is set to 380 mm in front of, and at tlaens height as the top vertebra. SolidWorks
simulations indicated this assumption will resalaimaximum error of 6% when the load is held
at extremely close or distant (stretched arm) mowst Because of the friction there is
furthermore a difference in the support force betwéexing up and flexing down. A setup has
been prepared as shown in Fig. 8, using a forceoseonnected to a horizontal rail to measure
the vertical support forces (against gravity) pretl by the exo-spine as it is moved up and
down on a forklift to make it flex up and down. Tje-tension spring was not installed.

Exo-spine

Vertical
motion
by forklift

Force
senser

Data

collection Horizontal

rail

Figure 8 : Setup to measure the reIat|onsh|p betweemotor torque and supporting force.
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Figure 9 : Force measured at the arm endpoint (386m in front of the top vertebra) and the angle of pint A4,
aas, Versus the angle at joint Algaay, during four measurements with a constant 14.5 Nrmotor torque when
moving the exo-spine down and up (as indicated byraws).
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Figure 9 shows four different down-up cycles of theasured force versus the rotation of joint
Al, aa1, Which is a measure of the forward spine flexiomgd is when the exo-spine is straight).
Tmotor Was 14.5 Nm. The start and end points were diftefer each cycle to confirm the
repeatability. About halfway both flexing down amctending upward the force shows an
inflection point. This is directly related to thetation at joint A4,aa4, also shown in Fig. 9,
which itself is the result of the internal forcddrace between the links and vertebras.

The up-down motion has been performed for a rafgalaes ofTmowor, and at a constant speed.
The measurely,, divided by the used motor torque, are collectefig. 10 for the downward
motions as an exampl@or Values are indicated in the figure). In hdvk,, is the product of
Fioad @nd the horizontal distance between the load la@dntended position of the hips, 130 mm
in front of Al (see Fig 2b). Using this data thietion can be estimated by finding the common
component (different for down and up) that, whebtsacted from each measurement, places all
measurements for, for example, the down motion om® line. This friction component must
comply with the physics of the friction [21] [22§hich is assumed to be Coulomb friction and
independent of speed: it can only be a functiothef mechanism’s configuration and internal
forces. It was found to be equal to (3)-(7). Indh&pbwn a1is the component of the friction that
depends owma; during downward flexion. This is similar féibwn as Fupas, andFypas with UP
indicating upward flexion. Paramet&ppuiey is the friction component that depends on the
torque at the pulleys that drive the two cablgsye, Which is the sum oOfmeor and the torque
produced by the pre-tension sprifigyring as in (8).

Fownar =0 (a, <0.192)
Fowna =99(ay, —0.192) (0.192< a,, <0.66) (3)

Fownar =99(a,, —0.192)-30(a,, —0.66) (a,, >0.66)
Fownas = —106(@,, —0.064§ (a,, >0.064) (4)
Fopar = 4.5+ 110, (a, =0.74) )

Fopa =4.5+11a,, —6(a,, —0.74) (a,, >0.74)

I:UP,A4 ==23(Apy - 0-05)3'43 (aA4 >0.05) (6)
Fuppuiey = -0.7(12- Tpulley) (Tpulley <12 (7)
Toutey = Tmotor T Tspring (8)

In addition, the motor itself has an estimatedifsic of 2 Nm.

The lines containing all data points after deductad the friction are shown in Fig. 11 for
downward flexion. The lines have been separatexthree parts in order to obtain a polynomial
fitting. The resulting equations give the torqueaalR which is used to determine the motor
torque from the desireldy,. They are as follows for downward motion.

TR=5.585 (a,, <0.084)
TR=697%,," -48251,.° +11140,,° -88.80,,+7.70  (0.084< a,, <0.266)

_ 4 3 2 ©)
TR=267a,,' —464a,’+276a,,> -66.30,, +12.5 (0.266< a,, <0.66)
TR=-0.47a,,° -0.494q,, +6.58 (@, >0.66)

For upward motion they are
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TR=3.183 (a,, <0.075)
TR=-697a,,° +227a,,* -14.20,, + 3.27 (0.075< a,, <0.187)

TR=-58.21,," -2060,,° +186a,,” - 43.37,, +6.97 (0.187< a,, <0.383)
TR=-68.60,, +169,,° —144a, > +45.27,,+0621 (0, >0.383)

(10)

4Nm

15 k

» G6INm
B . g SNm
-~
E " 10.5Nm
= \ 2.5
5 Lo A kl 5INm
. 1 ) é—l-i.:BNm
e © ‘\\\
- :
E '.5 9 B \‘:‘i:‘k. ‘
tr st
28 -
& &
=
TE 6

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9
Joint Al angle, a,, [rradl

Figure 10 : Measured hip moment per unit of motor brque for downward flexion (twice per torque value)
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Figure 11 : Final measurement data after subtractia of the friction for downward flexion. Polynomial fittings
for the three colored areas are shown in (9).

For low aa1 anglesTR is constant. If notTR would decrease further, leading to high motor
torques. FinallyTmotor IS calculated as follows when flexing down:

Tmotor = _2 + (Mhip - FDWN,Al - FDWN,A4) /TF - Tspring' (11)

and when flexing up
Tmotor = 2 + (Mhip - I:UP,Al - I:UP,A4 - FUP,puIIey) /TR - Tspring' (12)
280

Pelagia Research Library



Stefan Roland Taalet al Adv. Appl. Sci. Res., 2011, 2(6):270-286

The controller chooses to use the down or up egpumtiased on the intention of the wearer, as is
shown in Fig. 12. When not moving the controllentshes to the down state to save energy,
essentially using the friction as extra supporswitches to up when the spine is moving up or
when the wearer increases Msi, beyond a threshold. This threshold is a leaky buckunter
combined with a 1s hold function to give the wednee to actually move up. When switching
from down to up the torque increase is spread bse¢o dampen any shock to the wearer.

Direction is UP?
OR
Mhip increased beyond

threshold?

0.4s has passed?

No

Set Direction: Up

|Set Direction: Down|

v

Calculate friction, eq, (3), (4) - Calculate friction, eq. (5)-{7)
Calculate TR, eq. (10) > Output desired motor - Calculate TR, eq. {9)

Calculate motor torque, eqg. (12) torguete; spiciNIgron Calculate motor torgue, eq. (11)

END

Figure 12 : Block diagram of the direction decisioralgorithm that chooses between the down and up st
Time constants were determined experimentally.

Figure 13 : Experiment snapshots for (a) lifting wih rotation, (basic lifting is similar but without spinal
rotation), (b) lifting with lateral flexion, (c) one arm lifting.

Table 1: Shoulder and elbow angles during experimes.

Shoulder angle  Elbow angle
Left / Right Left / Right
1) Basic lifting, Fig. 13a

2) Lifting with rotation, Fig. 13a 0.54rad / 0.54rad 1.54rad / 1.54rad

3) Lifting with lateral flexion, Fig. 13b 0.54rad / 1.08rad 1.54rad / 1.16rad
4) One arm lifting, Fig. 13c 0.54rad / 1.35rad  1d@#/ 0.13rad

Experiment
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RESULTS

First of all the ROM of each single DOF was meagufdis will be important for evaluating the
experiment results. The maximum range for eachesiDQF is 44deg flexion (0.77rad, equal to
oa1 = 0.95 rad), 33deg (0.58rad) lateral flexion, 3d@56rad) rotation and 64 mm of forward
abduction at the endpoints of the shoulder blades.

3.1 Lifting experiments and results

The exo-spine was attached to simplified legs amdsa(Fig. 7) and four different lifting
experiments have been performed to confirm theopmdince of the exo-spine. While all four
are, mechanically, fundamental movements, theyak®@ based on specific nursing actions [4]
[23] [24]. Although spine motion is advised agaifat nursing tasks, it could become allowed
when an exoskeleton provides most of the suppbg.eikperiments are:

1 Basic lifting

Lifting up and setting down using only forward spiflexion, while lifting loads of 20, 30, and
40 kg placed on the lower arms. Particularly usegatient transfer tasks, and when helping a
patient to stand up.

2 Lifting with rotation

Lifting up, rotating with load from left to righ( vice-versa) as far as possible, as in Fig. 13a.
Loads of 20, 30, and 40 kg are used. For nursirsgntiotion is used during patient repositioning
tasks.

3 Lifting with lateral flexion

The load in the experiment was asymmetric, suchdha arm has to be higher in order to hold
the load horizontal (Fig. 13b). Actions were: hfgi up, going down while bringing load
horizontal, setting down. Loads are 20, 30, andglO~or nursing this motion is used when one
arm is at a higher position than the other, suctlzn lifting up someone’s legs from the floor
onto the bed.

4 One arm lifting

Lifting up with one stretched arm (most extremecha#ag case), and setting down, as in Fig. 13c.
Loads of 10 and 15 kg were used (additional wagipert was provided). Such a motion is used
in practice when reaching over the bed to lift yma# of the patient.

The angles of the shoulders and elbows duringtperenents are listed in Table 1. There were
several safety precautions including torque linotag (maximumlmeor 25 Nm, maximunMyp:

120 Nm), and the placement of the loads below tharer’s arms using a beam with ropes, as in
Fig. 15a and b. The subject was an adult male {1, B2 kg). He was fixed to the system using
straps at the legs and arms and bands that cresshést, similar to full body exoskeletons. To
measureMyp, Which is an extension torque during lifting, tBES of each leg’s hip extensor,
gluteus maximus, was measured.

Figures 14 and 15 show typical examples of experimesults for two lifting cycles each of 20
kg basic lifting (14a), 30 kg lifting with rotatio(iL4b), 40 kg lifting with lateral flexion (15a),

and 15 kg one arm lifting (15b). At the top are whathe angles of the line connecting the
glenohumeral joints of the exo-spine, wifls, indicating rotation (as viewed from above,
projected onto the horizontal XY plane), apg indicating lateral flexion (the angle with the
horizontal XY plane), measured using motion captibeectly below are the angles of the
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exo-spine’s joint Aldai), joint A4 (aa4) and right shoulder bladed,s 5. Angles are zero when
the exo-spine is straight up. The highest possiélee forasng ris 0.47 rad at 64 mm abduction.
Next are showmMnip, Tmotor @and the motor controller’s state for the directiap or down, with
grey areas indicating up. The motor torque beconsgmtive at times to compensate for the
motor friction and, the spring pre-tension.

Basic lifting Lifting with rotation
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Figure 14 : Experiment results showing two liftingcycles for (a) experiment 1 (basic lifting, 20 kgyand (b)
experiment 2 (lifting with rotation, 30 kg). Shownare, from the top, the angles of the exo-spine’s shider
girdle: rotation s, and lateral flexionyg,, the exo-spine’s joint angles Alax1), A4 (aas) and right shoulder
blade (@sheir), motor torque T, hip moment, My, commanded by the wearer’s BES, and the controllés
direction status, with 1 indicating up (grey areas)

DISCUSSION

In the lifting experiment described above the scibyeas able to lift up all loads successfully.
Each time the controller noted the increase in euactivity of the subject, and thusMn,, and
switched to the up state, after which the subjectict lift up the load within 1s to 4 s time.
Occasionally, such as in Fig. 14b at 42s, it waesgary to extend the exo-spine up again after it
had flexed down more than intended. In such cdsesstibject increased his muscle activity
again in order to re-activate the up state. Invadéher cases, such as between 37s and 42s in Fig.
15a, the subject had to brake a flexion motion thas too fast by re-activating the up state.
Given the quick increase &fl,, following the flexion motion it seems this was amtomatic
muscle reflex of the hip muscles that may requirurgher fine-tuning of the controller. In
addition it can be seen that especially when tifteavy loads the maximuMy, and Tmotor
were reached often during lifting up. This limitati will be further relaxed, however, with
subsequent experimentation. Overall the exo-spiag successful in enabling the subject to lift
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up heavy loads while moving his spine and should&fith a fixed back none of the movements

would have been possible. That the exo-spine indeegorted the lifting can be verified from

the motor torque, which has been shown in sectididprovide support against gravity forces.
Lifting with lateral flexion One arm lifting
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Figure 15 : Experiment results showing two liftingcycles for (a) experiment 3 (lifting with lateral fexion, 40
kg), and (b) experiment 4 (one arm lifting, 15 kg)The parameters shown are the same as in Fig. 16.

As for the ROM of the exo-spine, when comparingpithe human spinal ROM it can be seen
that only the flexion ROM is about 10deg less [2&hough it could be extended by adding a
vertebra and a link, it would not be advisable las tuman spine becomes weaker when fully
flexed [26]. When comparing the maximum ROM of ed@®F with the ROM used in the
experiment, it can be concluded that while the &ydMlexion ROM was used completely, there
was still movability left in the other DOF.

In the case of rotation (Fig. 14b) about 2/3 ofttital ROM was used. Here, the main limitations
were the allowable space for the load as well agdlgue from the exo-spine pushing the wearer
back toward the neutral position, especially witghler loads. Similarly, the assisting torque

during lateral flexion was the reason that less th@% of the lateral flexion ROM was used.

With more load on the lower arm this motion actpdlecomes easier, but further experiments
using additional active DOF (at the hips, shouldets) would be needed to confirm whether
more motion is actually required. Lastly, shouldéduction was used mostly in combination

with rotation and for about 2/3. However, it wilhlg become really required when the whole

trunk flexes forward for deep bending motions.

With the increases in DOF there is, however, alsal@stantial amount of friction in the system
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due to the use of rod ends. Although this resultenergy losses when lifting something up, it
actually reduces the amount of motor torque whandhg still or moving down. Moreover, as

can be seen in the experiment results, even whatincously moving up and down the

percentage of time the controller spends in thetage is still quite low. With the controller also

in the down state when the exo-spine is not movtrmgay be concluded that the friction actually
helps to save energy.

CONCLUSION

This paper addressed the importance of the curflexibility limitations in full body
exoskeletons, particularly for applications in thealth care field. A solution called exo-spine
was proposed in order to fulfill the purpose ofstpaper: to enable 3 DOF spinal and 2 DOF
shoulder girdle motion with augmentation for lifjinn the front. The 5 DOF flexibility of the
mechanism was confirmed using ROM measurements edisas experiments in which the
exo-spine enabled a subject to lift up weightsmta40 kg on his lower arms using all DOF of
his spine while performing motions similar to thosgsed in nursing techniques. From this
experiment we could therefore confirm the perforogarof the exo-spine and thus its
applicability for full body exoskeletons in heatthre applications.

The exo-spine will first be extended into a fulldyoHAL robot suit in order to test it fully in a
health care setting. At this time extensive expentation will be needed to cover a large range
of possible lifting situations in order to verifppe full effectiveness. Eventually, health care
workers wearing an exoskeleton will be able to, dsample, reach behind a patient while
leaning over his bed, while in other fields suchrescue operations [27] wearers will be able to
find a proper lifting posture when standing on tthiele.
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