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Abstract: Arm support systems provide support throughout daily tasksning or in an
industrial environment. During the last decades a largerdity of actuated arm support
systems have been developed. To analyze the actuationpbesen these systems, an
overview of actuated arm support systems is provided. Therview visualizes the
current trends on research and development of these sigystetns and distinguishes three
categories. These categories depend mainly on the fuat8tatus of the user environment,
which defines the specifications. Therefore, the actuatedsapport systems are classified
according to their user environment, namely: ambulatogpabilitation and industrial.
Furthermore, three main actuation principles and threehar@cal construction principles
have been identified.
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1. Introduction

A wide diversity of arm support systems are developed to sugpe upper limb function. Within
these developments several fields of application can beglisshed. Firstly, devices assisting someone
with a limited arm function that provide support during aities of daily living (ADL) [1]. Secondly,
devices that provide support during training as part of g@bilitation proces<]. Lastly, devices that
enhance the arm function of healthy persd@jf can be used for teleoperation and virtual realtly [

Overviews and reviews of developed arm support systemdrasads provided in the literature. The
majority of these publications consider rehabilitatiowides used for neurological lesionsq7]. The
devices are evaluated on the mechanical structure, thes raihmotion (ROM), supporting segments
(i.e., shoulder, elbovetc), and the degrees of freedom (DOF) to provide a good supgpdrtimans.
Other publications focus on the user functionality prodidey arm support systems designed for use
at home 8]. A more technical approach is given i®][which includes the actuation principles.
Publications from a technical prospectus are e.g., a reviethe development of exoskeletornd]],
the used control strategie$1,12], the complete mechanical desigh3] and the shoulder mechanism
design in particular]4]. A review of robotic systems in general, concerning theuaton principles,
sensing methods and control strategies, is givetbh [

Figure 1. Proposed overview of the arm support systems.

Application Actuation technology i Actuation configuration
i Directly on the joint
Electromagnetic : Externally positioned
i \ Gravity compensation
Ambulatory ! ) o
Pneumatic < Directly on the joint
Hydraulics < Directly on the joint
) i [ Directly on the joint
Electromagnetic .
i \ Externally positioned
Rehabilitation Pneumatic : Directly on the joint
Hydraulics X Directly on the joint
) i Directly on the joint
Electromagnetic o
i \ Externally positioned
Industrial Pneumatic < Directly on the joint
Hydraulics i Directly on the joint

This paper presents, in contrast with existing overviewepgpa technical overview with focus
on the applied actuators and their performance. The aotuatiinciples and the existing actuation
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configurations are discussed to provide more insight im th@ration. Furthermore, the use of compliant
actuators and their control bandwidth are compared. Frenptbvided force and torque specifications,
the order of magnitude for the actuator specifications useatin support systems can be deducted.
These specifications depend mainly on the user environmsed, actuation principle, and the actuator
configuration {e., position of the actuators with respect to the mechanioaktuction). Therefore,
an overview is presented from a design point of view: sp&wifyhe user environment, selecting the
actuation principle and the actuator configuration as shiowffigure 1 [16] which will be elaborated
further in Sectiorb.

In the first section the applications based on the user emviemts are defined. Afterwards,
the actuation technologies applied in these arm suppotemgsare described. Then, the actuator
configurations are explained and the manner to achieve campictuators is discussed. Subsequently,
a comparison of the torque and/or force specification areenbativeen the applications and actuation
technologies. Finally, future trends are given.

The literature study is performed using mainly the Inspdalkase. For this overview, mostly journal
publications were used to show the possibilities of actuagrinciples in arm support systems. The
reported results, facts, numbers, and recommendatioresvat¢validated by the authors.

2. Applications

The arm support systems are divided based on their applicéte., on their user environment). In
general, actuators are selected depending on a set of eetgrnits such as the functionality the arm
support must have. In literature, three groups of arm sumystem applications can be distinguished:
ambulatory use, rehabilitation use, and industrial use.

2.1. Ambulatory

Ambulatory arm support (AAS) systems are intended for usetts diminished arm functionality
due to e.g., neuromuscular disorders, and for elddr}. [Current trends also show preventive use of
AAS systems for people who suffer from for example repetistrain injury and muscle fatigué§.
Their purpose is to assist during the ADL, such as eatingkdrg, using the computeetc Usually,
not the full ROM of a healthy human body is covered, only theMR@eeded to compensate for the
lost muscle activity or to avoid muscle fatigue. For thisgyoof arm support systems, it can be
desired to be inconspicuous; hence, stigmatization carvisded. Furthermore, a certain movement
characteristic can be desired, such as following the armemewts naturally or providing a stable
support. Additionally, flexibility and simple mounting,ge, on a wheel chair, is often desired. When
mounted on a wheel chair, the energy consumption must be snaaloid recharging of the wheelchair
battery during the day.

2.2. Rehabilitation

Rehabilitation arm support (RAS) systems are intended sesasthe human arm impairment9][
and to regain the arm functionality by training].| People, who suffer from e.g., the repercussion of
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a stroke, an accident, or an progressive neuromusculadeisf20], should benefit from these support
systems. For rehabilitation and maintaining the muscleiagtthe full ROM of ADL is desired ,21].
RAS systems should be able to assist or even correct the Uresr ae follows predefined trajectories.
Usually, RAS systems are used in rehabilitation centersaaedlesigned to be stationary; hence, they
are not intended to be applied in a home situation. Howewepydvide rehabilitation possibilities at
home, devices are being develop@?][ These home RAS systems should be lightweight, easy to
carry, occupy a small volume, and have a low power consumptidereas the majority of the RAS
systems used in rehabilitation centers are designed toda@iarge ROM and many different training
possibilities. For training it is shown that haptics can beful [23]. Furthermore, RAS systems require
to store data to monitor progress in therapy. Thereforépsi@y RAS systems have, in general, a larger
volume, more complex mechanical structures, and more golgatuators compared with mobile RAS
and AAS systems.

2.3. Industrial

Industrial arm support (IAS) systems are intended to enddhe physical capabilities of healthy
humans or to use them as master/slave devices. Enhancingrtiten capabilities can be desired because
of ergonomic reasons or to move larger mas2ds [Depending on the working environment, the task
to perform R4], and the power required, an additional power supply mighhecessary (stationary or
auxiliary). Master/slave devices are used to carry outgutaces remotelyi.g., teleoperated) such as
dismantling nuclear installation239], or in virtual environments4]. For these applications, haptics are
required to provide the user a realistic experierZ@.[ In general, enhancing the human capabilities
requires high torque, whereas the teleoperated and vietwatfonments only need to provide haptic
feedback which will be further elaborated in Secttn

3. Actuation Principle

The actuation principles applied in arm support systemslaosen based on the requirements of the
arm support system. From the literature, three actuatiorciptes and one damping method can be
distinguished: Electromagnetic, pneumatic, hydraulc semi-active damping.

3.1. Electromagnetic Actuators

Electromagnetic actuators convert electrical energyutinca magnetic link into mechanical motion.
The majority of arm support systems use electrical motorgchviprovide one degree of freedom
(DOF) rotary motion. Most of the applied electrical motore permanent magnet machines. From
the permanent magnet motors, the brushed DC mo&fisgnd brushless DC motor28,29 are the
most popular.

Brushed DC motors are excited using brushes and a DC souecauBe a DC source is required these
motors can simply be connected to the batteries of an etegtreelchair. Brushless DC motors do not
utilize brushes, however, they use more than one phase figrgiethree phases). Therefore, brushless
motors require additional electronics and control to extiite multiple phases. As small motors are



Actuators2013 2 90

often chosen, brushed DC motors provide the highest pedioca higher efficiency, and higher torque
density BQ].

High-speed and low-torque electric motors have a smallaelwith respect to high-torque low-speed
electric motors. High-speed and low-torque electric motoe applied to avoid large and cumbersome
constructions. Gears are used to provide the required ¢ongbiich means converting the high-speed
low-torque into low-speed and high-torque. Commonly, gaéios of 100:1, 300:1 or even higher are
chosen. The disadvantage of such high gearing is their [baieafcy, which is typically around 70% to
even 50% 80].

3.2. Pneumatic Actuators

Pneumatic actuators have a good power-to-weight ratioetbie, their suitability for arm support
systems is investigated. Three pneumatic actuators ptesciare utilized in arm support systems:
pneumatic cylinders, McKibben muscles, and pneumatic fawstuators (pMAS).

In pneumatic cylinders, pressurized air is injected andssquently, a force is generated that moves
the piston in the cylinder in a linear direction. Pneumagicnders can be single-acting (push or pull) or
double-acting (push and pull). The McKibben muscle injgetssurized air into a pneumatic bladder;
hence, the bladder will expand and the end parts will cohtrébis actuator is referred to as artificial
muscle because it has a similar behavior to a human musaeMEKibben muscle is only single-acting
(pull) and, therefore, has less flexibility compared to theymatic cylinder. The pMA was developed
by improving the McKibben muscle using improved modelinchi@ques and a novel construction. Due
to the compressibility of air, pneumatic actuators have a-limeear behavior which requires a more
advanced control strateg24,31].

For all pneumatic actuator principles, an additional cagspor is required to generate the necessary
compressed air3P]. The air can be compressed externally and transported tesaed location.
Depending on the implementation, pneumatic actuatorsféer associated with noise. Therefore, such
actuation for arm supports during ADL could be experiencedrgleasant.

3.3. Hydraulic Actuators

Hydraulic actuators have the highest power-to-weightorand positional stiffness of all the
aforementioned actuation principle32]. Note that with this power-to-weight ratio only the cylexd
is taken into account, not the total system such as the hidnaump. The appliance of hydraulic
actuators can decrease the weight of the arm support areasethe actuator outptdd. From the
literature, the following hydraulic actuation principlean be distinguished: Hydraulic cylindei34],
Hydraulic bilateral-servo actuator (HBSA33], and rotational HydroElastic Actuator rHEAY).

Hydraulic cylinders function similar to pneumatic cylinde however, a fluid is injected under
pressure instead of pressurized air. The injected fluidasqurized using a hydraulic pump. Analogous
to the pneumatic cylinders, hydraulic cylinders can be traoted to produce a push and pull force.
Hydraulic bilateral-servo actuators are very similar ®@liydraulic cylinders, however, the electric motor
combined with a lead screw is used to pressurize the fluids Miotor is usually placed directly attached
or very close to the hydraulic cylinder and, therefore, tosnbination can be seen as one actuator.
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Because of this placement the hydraulic cylinder has lowstrassion losses. If multiple HBSAs are
utilized, each HBSA requires its own electric motor, whergaultiple hydraulic cylinders require only
one hydraulic pump. The rHEA is a rotational hydraulic actu@ombined with a mechanical spring.
Comparable with hydraulic cylinders, a rotational hydraakttuator uses blades to generate a force that
produces a rotational motion.

When flammable and/or poisonous fluids are used, a high |évehmtenance is required to prevent
leakages3?2)].

3.4. Semi-Active Damping

Technically, semi-active dampers cannot be classified aacamator since they provide a (speed
dependent) reaction force and not an active force. Sernvieadampers consist of a piston and a fluid
which viscosity can be adjusted using an electromagnetec[f8$]. The semi-active damping principle
is currently being researched for automotive applicat[@7s39]. One of the semi-active dampers used
in arm support systems is the magnetorheological (MR) danieapplying an electromagnetic field,
the viscosity of the MR fluid increases which makes movemerdugh the magnetorheological fluid
more difficult. Using this in a rotary application, a mininralaction torque exists when no magnetic
field is applied and the reaction torque can be increaseddogasing the magnetic field(]. A reaction
torque of 1.1 Nm B6] can be generated. This technology is used for tremor sepjue. Additionally,
it can be used as a slip clutch, by adjusting the electrontagfield, the maximum torque of the slip
clutch can be adjusted]].

4. Compliant and Back-Drivable Actuation

Compliant actuators have an elastic output behavior whielarma the output will move when an
external force is applied and it returns to its original stathen the force is no longer present. More
recent publications show that compliant actuators aremed in arm support systenis]34,42]. These
actuators have a smaller impact force compared to stifiadots and an external force on the output is
less likely to damage the system. Therefore, compliantadois are important from a safety point of
view and to provide comfort.

Additional to compliant actuators, back-drivable actua#re also used to provide safety and comfort.
This backdrivability depicts the amount of torque/forcatthas to be placed on the output in order to
move the input and depends on the type of actuator, gear, @mdot Non-back-drivable actuators,
such as motors with lead screws, cannot rotate the outphbutitotating the input first. Back-drivable
actuators with a high backdrivability only require a smaldue/force on the output to move the input,
whereas low backdrivability (due to high gear ratios) dedsaa large torque on the output to move the
input. Furthermore, when the backdrivability is too lowe tearbox could be damaged even before the
input will rotate when a sudden external force occurs on the a

Compliant actuation can be achieved by applying inheresdtypliant actuators such as pneumatic
actuators. Pneumatic actuators are inherently complea#use of the compressibility of aB1,42-45].
This is the most mentioned reason, together with their hogbef density, of utilizing pneumatic actuators
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in the literature. Backdrivability can be realized by direkive (.e., without gears) or low geared
electromagnetic actuatoréq].

Actuators which are not inherently compliant or back-doiessuch as hydraulic and electromagnetic
actuators with a high gearing, can be made compliant or dagkble through hardware and/or
software. An often used hardware solution for complianuation is the series elastic actuator
(SEA) [27,34,3547]. A SEA has a mechanical spring in series with the actuatdpwiuand the
mechanical structure. By controlling the tension of thisrggy an adjustable compliant actuator can be
achieved 48,49]. Additionally, it is possible for hydraulic actuators tsaia SEA actuator to pressurize
the fluid [50]. Safety (considering people suffering from spasms) can Bk realized by adding slip
clutches 51]. Compliant and back-drivable systems can be realizedititr@ontrol such as haptic force
control [46]. By measuring the force exerted on the output of the actwaith an additional sensor, the
position can be adjuste@$,52-54].

Actuators can be made inherently compliant or back-dravalilh a hardware solution, whereas with a
software solution a delay exists that depends on the maxiaulmevable actuator bandwidth. Therefore,
a hardware implementation copes better with sudden impadtsvever, adding a mechanical spring
introduces more resonances in the mechanical system amtetion of bandwidth. Furthermore, in
human-machine interactions such as arm support applsatmmpliant and back-drivable actuation
by hardware is preferred because of safety. When no powevasable or sudden power loss
occurs, compliant and back-drivable actuation achievelddrgware is still present, whereas a software
controller is no longer functional.

5. Actuator Configuration

The actuator configuration of arm support systems consttierposition of the actuators within the
mechanical construction. The placement influences nottbielyunctionality, but more importantly for
this overview, it influences the possible actuator priresphnd dimensions that can be applied. Several
actuation configurations can be distinguished: directlytr@njoint, externally positioned, and gravity
compensated. Furthermore, the inertia, the actuator bidtiiwhe number of DOFs, and the difference
between exoskeleton and end effector are considered isgbin.

5.1. Configurations

Placing the actuators directly on the joint of the arm supgpgstem makes it possible to develop easier
and more direct control strategies. A mechanical consoméor actuators mounted directly on the joint
results in a schematic construction as shown in Figure 2gofational actuators and in Figure 2b for
translational actuators. Note that both figures consider@@F in the shoulder joint and one DOF in
the elbow joint.

Externally positioned actuators are usually placed on thgosiary part of the arm support system
and use cable-drive transmissions to transfer a force gué&r Two mechanical structures can be
distinguished namely: An exoskeleton design and a cablpesisson design. The exoskeletons use
cable-drive transmission that follow the human arm as shiowfigure 3a, whereas cable suspension
supports the human arm from above as shown in Figure 3b.
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Figure 2. Schematic examples of directly on the joint actuation camégon for
(a) rotational andlf) translational.

Rotational actuators Translational actuators

(@ (b)

Figure 3. Schematic examples of external positioned actuation cawaigpn for @) placed
on the stationary part anty) cable suspended.

Cable transmission  Actuators

Cable transmission

=

Pulleys
(@ (b)

Furthermore, the ROM of all three actuator configuratiores @@mparable except for the cable
suspension configuratio®$]. Cable suspension can achieve a large ROM with less DOF awedp
to the other actuation configurations. However, a completetsire covering the user is necessary to
achieve this ROM as can be seen in Figure 3b. Designs of cagbersded arm supports are proposed to
achieve an optimal ROMpE-58].

Passive gravity compensation is realized using a compteasehanical spring. The tension of this
spring can be adjusted by an actuator as shown in Figuoeaccount for extra loading e.g., lifting a
cup. Providing a limited number of DOFs compared to the af@mtioned arm support systems, this
topology provides less functionality compared to the aetlarm supports. However, because they can
be designed to be small and inconspicuous, they are pomul&AS systems39]. Furthermore, these
compensators have almost no energy consumption which ntlakesvery suitable to be mounted on
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electric wheelchairs. The electromagnetic actuator, tgeshange the tension of the spring, is often
controlled by the user|60].

Figure 4. Schematic example of adjustable gravity compensatiorgusechanical springs.

Mechanical spring

Actuators

5.2. Inertia

In general, multi-DOF arm support systems which use diyemtl the joint actuator configurations
have stacked single-DOF actuators. The simplified schermakigure 2a shows a 2-DOF arm support
systems with stacked actuators. In a stacked configuratienfirst actuatori(e., the shoulder joint
actuator) compensates the gravity and inertia of the seacioator i.e., the elbow joint actuator). When
movements only occur in the horizontal plane, the first @otuanly requires to account for the inertia
of the second actuator. Note that the more DOFs, the moratacsuare stacked which results into bulky
systems. The number of actuators for multi-DOF arm suppatiesns can be reduced by multi-DOF
actuators. For example, i6]] a spherical actuator with three rotational degrees offoeeis proposed
to mimic the shoulder joint.

Another solution for the stacked actuator problem is themmslly positioned actuation configuration.
Placing the actuator externally can decrease the weighteoflynamic part of the arm support with
60% for exoskeleton designg][ Additionally, a low-mass structure has less inertia vhprovides
a better dynamical performance. The externally positioaetiation configuration has also several
disadvantages.e., the cable tension of the cable-drive transmission mustdiatained during dynamic
behavior p6), friction or even variable friction due to the cables andlgys, and a complex mechanical
design as e.g., cables may not interfere with the user’s mewés. Furthermore, cables can only pull
and not push.

Finally, a combination of directly on the joint and extelggbositioned actuation are developed.
To create space near the subject’s head an externallygusiticonfiguration is applied while the other
actuators are directly positioned on the joB]. A combination of the directly on the joint configuration
using pneumatic actuators as shown in Figure 2b and thetgi@winpensation as shown in Figutes
proposed in42]. In this design, the pneumatic actuator is placed in palr&d the mechanical spring;
hence, the actuator only has to account for the acceleratidndeceleration of the arm support. A
combination of pneumatic and electromagnetic actuat@ppsied R4] because the pneumatic actuators
are not powerful enough for four of the five DOFs. For thesea DOFs electromagnetic actuators
are used.
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5.3. Bandwidth

For arm support systems, a control bandwidth is desiredarséime range or higher than that of a
human. The position control bandwidth of a healthy humareddp on the action that is required. For
newly introduced actions, the bandwidth is in the range & Bz, a repetitive action the bandwidth
range is 2-5 Hz, for learned actions a bandwidth of 5 Hz carbbaed and for reflexive actions 10 Hz
is reached3).

Each actuation technology has its own set of specificatiodsaalding additional hardware such as
gears and mechanical springs can have a significant impalce@ystem bandwidth. Electrical actuators
have a high force control bandwidth (higher than 100 Hz) ihat general significantly higher than the
mechanical resonances of the arm support which can occuna@r®-8 Hz P,28]. Other designs have
mechanical resonances around 40 B[

Pneumatic actuators have a bandwidth in the same range ahdobanical resonances. Using
pneumatic muscles, a force control bandwidth of 3.5 Hz whgeaied while tracking a 5 cm peak to peak
sine wave 42]. The pMA has a position control bandwidth performance giragimately 1.4 Hz §5].
Hence, a limited number of healthy human actions can be peed.

Adding hardware to the actuators can influence the totaésyperformance. Adding a low gear ratio
(35:1) to a brushed DC motor limits the mechanical bandwidthpproximately 50 Hzg4]. Placing
an electric brushed DC motor in series with a spring with #ingtss of 2.51 Nm/rad resulted in a force
control bandwidth of 3.15 Hz7]. The same holds for rotary hydraulic actuators. A mulgsiorque
bandwidth of 18 Hz can be reached applying a spring stiffloe4$0 Nm/rad B5]. A linear hydraulic
actuator combined with a series placed mechanical springhwh able to adjust the spring tension,
provides a position control bandwidth in the range of 6.8-Hz [34)].

5.4. Degrees of Freedom

The human arm can be simplified by 7 active DOFs, namely: 3 D@FR$e shoulder joint, 1 DOF
for the elbow, 1 DOF for the forearm and 2 DOFs for the wris3,66,67]. Additionally, active or
passive DOF can be added to e.g., provide joint alignmenthandontal movement, although, these
DOFs are redundant. Depending on the aim of the arm suppbmjtad number of DOFs decreases
the complexity of the mechanical design and the controtesgsa[51]. It is not necessary to provide
7 DOFs of support during ADL, for example gravity compensatan have 5 DOF4[4,60] (3 DOFs
for the shoulder, 1 DOF for the elbow, and 1 DOF for the fordanmeven less§]. Sometimes, the
goal is to provide only 1 DOF, e.g., for tremor suppressiod.[ Using passive degrees of freedom
some systems go up to 10-DOF syste6] [7-DOFs for the arm and 3-DOFs for the fingers). Further
developments show that even more DOFs are necessary toeteitgphimic the human arm, such as
a 14-DOFs system described ®4] (6 DOFs for the shoulder, 2 DOFs for the elbow, 1 DOF for the
forearm, 2 DOFs active and 3 DOFs passive for the wrist).
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5.5. Exoskeleton versus End-Effector

The human-machine interaction influences the design of thesaipport. Different designs are
applied, such as placement of the arm support system bedwnde, or in front of the user, were the
most used schematics are shown in Figure

Figure 5. Arm support systems configurations) Exoskeletonlf) multiple end-effectors
(c) end-effector placed behind or aside of the ug@efd-effector placed in front of the user.

(@) (b) (©

The exoskeleton such as arm support systems are attachezlupger arm, forearm and sometimes
also the wrist/hand as shown in Figure 224[29,34,51,5356,64,69]. Applying an exoskeleton arm
support, the limbs can be controlled accurately. This plesithe ability to control the arm movement
exactly; hence, it can be beneficial for training. The disadage is that the joints of the arm support
must be perfectly aligned with the joints. Otherwise, that®can suffer from wear and tear. Especially
the shoulder joint is fragile since it has many DOFs and idyedsslocated.

Instead of using one arm support, multiple supports can ed,sg., one for each limb as shown in
Figure 5b [0,71]. Using multiple robots, one can use low cost commercialgilable robots; hence,
the chance of a commercial success is high€-[2]. However, the resulting arm support systems
is cumbersome and bulky. Additionally, haptic devices,hsas the HapticMaster, are applied for
exploring the possibilities of using virtual reality in @hilitation [73] and, for assessment of human
motor impairments19].

Providing support at a single point, e.g., at the forearrmftbe back or aside the user as shown in
Figure 5¢ [1,27,33,42,6Q] is referred to as end-effector. Itis also possible thahsrd-effector is placed
in front of the user and e.g., is controlled by the hand, asvehia Figure 5d ¥4,75]. End-effectors
provide support on one point of the human arm; hence, no @ighment is required. This simplifies
the installation routine and no direct danger of damagirgrd js present. Furthermore, the kinematics
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do not have to be exactly the same as a human arm. However,afi@enof the human arm cannot be
controlled accurately.

Some arm support designs only provide support in the hotaalirection, which are referred as
planar arm supports, and, therefore, need less powerfubtacs {.e., gravity can be compensated
mechanically) 74,76]. Providing support in the vertical directiond., account for the gravity), more
powerful actuators are required which results in a more dexipechanical construction. Additionally,
the control strategy and kinematics will be more complexe Vértical direction is necessary to provide
support and training to an increased number of ABLT7].

6. Comparison

In this section a comparison is made between the arm supysidrss found in the literature. The
arm support systems are subdivided according to their @gimn {.e., user environment), actuation
principle and actuation configuration as summarized in@&b+3. In general, it is found that all arm
support systems can be placed in one of these groups, hgwewss of them can belong to two groups.
In this case, the found system is placed in the group with tbstrmomparable actuators based on their
size and volume.

Table 1. Overview of the maximum torque/force of the AAS systems.

Trmax [NM]

A ion Technol Al r Configuration
ctuation Technology ctuator Configuratio Shoulder Elbow

Frmax [N]  Speed Power[W] Reference Publication Year

Directly on the joint 23 23 i 481s 19 8 1969

4 J 150 720 ; 75°/s 19.6 b1 2001

Electromagnetic actuators  External positioned 98 28.4 - 95 185° [79 2008
Gravity compensation 45 0 0 . 2006

¥ comp 50 0 0 60] 2007

Pneumatic Directly on the joint - - 220 1.1m/s 242 42 2006
Hydraulic Directly on the joint 63.6 89 - - - 3B 2009

@ Design specificationg; Catalog specificatiorf; pressure of 600 kPa used.

Table 2. Overview of the maximum torque/force of the RAS systems.

Actuation Technology Actuator Configuration “Shoulder — Elbow Fraz [N] Speed Power [W] Reference Publication Year
28 151 - 150% [77 2006
Directly on the joint - - 12 - - [7q 2007
20 - - 1146 /s 400 B4 2008
Electromagnetic actuators
- - 50 - 312% [55] 2007
. 620 33t - - - 2 2007
E: )

xtemally positioned 200 22 ; 39/s 122 B2 2008
- 45 - - [56] 2012
) ) . 30 6 - 64£/s° 335¢ [45] 2003

Pi Di | h
neumatic irectly on the joint 15 15 ) 56 /s 13 uq 2007
Hydraulic Directly on the joint - 15 - 469/s¢:¢ 123¢:4 [34 2011

@ Catalog specified rated powérTorque based on gear ratfbEstimated from figure? A 1.1kW compressor used.
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Table 3. Overview of the maximum torque/force of the IAS systems.

Actuation Technolol Actuator Configuration ———————
9y 9 Shoulder Elbow

Frax [N] Speed Power [W] Reference Publication Year

. Directly on the joint 20 10 - - - 4 1994
Electromagnetic actuators

Externally positioned 19.3 4.5 - 150 [64] 2011

Pneumatic Directly on the joint - 200 10°/s - [80] 1999

@ Catalog specified rated powérpressure of 400kPa used.

Only arm support systems with clearly stated torque for timukler and elbow joint and/or force
figures are taken into account. In each category, the develpmtotypes are sorted on their publication
year. Additionally, only the power and speed of the shoujdart is considered because this joint
requires the highest amount of power. To make a fair compayriplanar arm support systems are
excluded from the comparison. Because no torque is needsmhipensate for the gravity force; hence,
no fair comparison can be made.

6.1. AAS Systems

Inventarisation of the AAS systems results in an overviethefsystems as shown in TaldleFrom
this overview it can be seen that the torque generated bireteagnetic actuators positioned directly on
the joint are in the same range namely: 5-25 Nm. The elecgoetec actuators externally positioned
utilize a shoulder joint torque that is higher, namely 98 Nvhereas the elbow joint torque is similar to
the electromagnetic actuators positioned directly ondhre {28.4 Nm). Additionally, a difference can be
seen in power because of the torque difference and a small sfigerence between these configurations
in Tablel. The gravity compensation category only specifies a foraedmate the amount of support
on the forearm. Therefore, it is difficult to specify the riéisig support torque of each joint. It can be
seen in Tabld that the arm support systems, which use gravity compemsdtave a comparable force
of 45 N and 50 N.

The pneumatic muscles are difficult to compare with the odlotmation principles because only the
maximum force, which the pneumatic actuator can exert, istimeed. The amount of this force that
is used to support the human arm is not clearly stated. It easelen that the pneumatic device has
the highest power compared to the other actuation configasat Note that the power of the hydraulic
actuator is not provided; hence, it cannot be compared.

The hydraulic actuator which specifies the torques for treukter and elbow is the HBSA. This
arm support provides an elbow torque that is higher thantibalder joint torque and it has the highest
torque for the elbow compared with the other actuation gpies [33]. Unfortunately, no speed or power
information is provided; hence, it is unknown if the shoulde elbow requires the highest amount of
power. In general, one expects that the shoulder joint regtine largest amount of torque due to a larger
arm length. However, depending on the specified ROM, for gtarshoulder flexion of 0—20and an
elbow flexion of 0-145, it is possible that the torque requirement for the shoyfiet is the lowest.
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6.2. RAS Systems

In RAS systems, a large variety of actuator configurationst&xesulting in a large diversity of force,
torque, and power specifications as shown in Tablehe dedicated RAS device of ] provides a force
of 151 N utilizing a ball screw together with a 150 W electriotar. Applying commercial machines, a
maximum force of 12 N can be achievetf)]. Remarkable is the high speed specificatiorbd] hamely
1146/s, which is by far the highest of all other arm support system

The externally positioned electromagnetic actuators laat@que range that varies widely for the
shoulder joint, namely 62 Nm-200 Nm, whereas for the elbowntja torque of 32 Nm is applied.
The force range of the cable suspended arm suppb&54] are both in the same range, namely
45 Nm-50 Nm. Furthermore, the power needed to produce 50 NHyq 231 W, whereas the 150 N
produced by T7] requires only 150 W. This difference is caused by the usedigg. A pulley was used
to convert the torque into a force by4], whereas a ball screw was used GBy][

The pneumatic actuators are able to provide a torque in tigeraf 15 Nm—-30 Nm for the shoulder
jointand 6 Nm-15 Nm for the elbow joint. Note thd¥] provides the same torque for the shoulder joint
as the elbow joint namely 15 Nm, whereas4®][a different torque between these two joints is applied,
namely 30 Nm for the shoulder joint and 6 Nm for the elbow joint

The torque provided by the hydraulic actuator (15 Nm) is inoenparable range with the torque
generated by the pneumatic actuators. Comparing the posedt by the hydraulic actuator and
pneumatic actuators, it can be seen that the hydraulic tactuagquires more power. This power
difference can be explained by the difference in speed.

The pneumatic and hydraulic actuators provide a lower ®apmpared to the externally positioned
electromagnetic actuators, however, they are used becduieir large power-to-weight ratio. Exact
specifications are unknown for RAS systems, however, somdats really standout such as the 200 Nm
torque used for the shoulder joint actuati@2][and force of 151 NT7]. The force of 151 N can be
explained because the majority of this force is necessalifttthe arm support itself, however, the
200 Nm is rarely high where it could be possible that the us#aidor is oversized.

6.3. IAS Systems

The IAS systems group is the smallest group of arm suppotesyscompared to the AAS and
RAS systems. The IAS systems consists of two types of armatppstems, master/slave devices and
for enhancement of the human body. For master/slave deweds haptic is required such as force
feedback. Therefore, the range of 19—-20 Nm for the shoutdet and 4-10 Nm for the elbow joint is
sufficient and providing a higher torque only results in maeplex and cumbersome constructions.

It is difficult to compare the pneumatic actuators with trecglomagnetic actuators because the forces
mentioned is what the actuators can exert and not the neguitirce on the human arm. These actuators
are used providing support to only the elod@] However, it is not directly clear which amount of this
force is used to enhance the human arm.
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7. Future Trends

Besides the electromagnetic, pneumatic and hydraulicatmt; other actuation principles exist
based on piezoelectricity, shape memory alloys, elediireapolymers 81], metal hydrides 2], and
polymeric gels.

Piezoelectric actuators use piezoelectric material thahges its shape when a voltage is applied.
With this property a stepper actuator can be constructedoony multiple piezoelectric elements. By
placing two piezoelectric elements in series, the first ogrard to make contact to the surface of the
rotor. Subsequently, the second piezoelectric elemeihigstbe rotor into one direction. After retracting
both piezoelectric elements this sequence is repeate@dabecmotion. The down-side of piezoelectric
motors are their high production costs and difficulty to nfanture B2]. Furthermore, these actuators
have a high stiffness.

Shape memory alloys actuators are constructed from spaeial alloys such as copper-aluminum-
nickel and nickel-titanium that remember their initial ddbrged shape. Heating the actuator causes
deformations that produces large forces. When the actisatmoled it returns to its initial cold-forged
shape. This actuator has the property to produce largedonosvever, only small displacements can be
achieved. Additionally, the bandwidth is very low becauseainly depends on the cooling cyclgy].

Electroactive polymers are polymers that change their@izhape when an voltage is applied. This
actuation concept is the most comparable with the McKibberaie and pMAs. As being very similar
to the human muscle, electroactive polymers are oftenregfdo as artificial muscles. The shape will
contract when a high voltage is applied. Unfortunatelyy e only able to contract. Furthermore, only
a small displacement can be achievéd |

Metal hydride alloys use a reversible chemical reactiomgidiydrogen gas. By increasing the
temperature, the pressure can be increased and vice versa, fa force can be generated. A soft metal
hydride actuator for in home rehabilitation is proposed&$},[the designed actuator is able to provide a
force of 274.4 N. Furthermore, according to the figures,stddynamic performance of 0.15 mm/s. This
actuation principle has a high force-to-weight ratio conepao electromagnetic actuators, however, it
has a relative small stroke and a low speed. Therefore, dtisften applied in arm support systems.

Polymeric gels are solid liquid systems which swell by addiguids but do not dissolve3[3]. Using
this swelling property a linear actuator can be construtteatlis able to produce a high force density.
The disadvantage of this actuator is its low bandwi@®].[

The aforementioned actuation principles can be very priognier the future, however, until they are
more conventional, the costs of construction are high coetp® the off-shelf actuators that are already
used in arm support systems.

In electromagnetic actuators, a clear trend is visible afleiming multi-DOF in a single actuator such
as planar motiond4], spherical motion 85 and, combined rotary and linear motiodg. Especially
spherical motors are of interest because of their abilityitmic the shoulder joint.

Despite years of research and development on these systeiyisa limited number of AAS and
RAS systems are commercially available. Examples of AAStaeArmon [L] and the DAS 60] and
examples of RAS systems are Armeo, ARMin Il, and KINARFKE]. Note that only AAS systems with
adjustable gravity compensation are available on the matkerrent trends show that more advanced
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arm support systems are being developed, more controégieatare explored, and recent results show
the effects of robot guided therap84,88]. An increasing number of countries show interest in the
development of arm support systems as is shown in Tablecan be seen that the USA together with
Japan has the lead with 18 and 12 publications, respectiVieg/following countries are the UK and The
Netherlands with 8 and 6 publications, respectively. Thd @& countries have 4 or less publications.
The increasing research of arm support systems is promifisiran increase of commercially available
arm support systems.

Table 4. The geographic distribution of the first authors from thedusderences.

Developers Location References Amount
USA [2,5,11,14,26,27,36,42,44,54,56,59,62,63,72,74,78,89] 18
Japan 83,40,41,52,53,66,79,80,82,90-92] 12
UK [7,3245,51,58,65,70,73] 8
The Netherlands 1[17,19,35,60,64] 6
Italy [3,4,34,55 4
Switzerland 6,77,87,93 4
Spain f12,24,94] 3
Belgium [48,88] 2
Canada 29,76 2
China B1,67] 2
New-Zealand 9,95] 2
Austria [96] 1
Brazil [57] 1
France 43 1
Hungary 1] 1
Poland b9l 1
Romania P2 1
Slovenia B 1
S. Korea 48] 1

8. Conclusions

A technological overview of arm support systems found inlitezature has been provided in this
paper. The presented arm support systems have been diveded lon their applications, actuation
technology, and actuator configuration. Three differemqtliaptions have been distinguished namely,
ambulatory, rehabilitation, and industrial. Ambulatorynesupport systems are used at home, provide a
limited ROM, and are energy efficient. Itis intended to comgage for muscle activity or to avoid muscle
fatigue. A wide range of rehabilitation arm support systemists for a wide variety of neurologic lesions
and to provide training possibilities. Therefore, moreifddity is required for this application compared
to the ambulatory applications. However, mobile rehadtilin arm supports are usually dedicated and,
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therefore, less flexible. Industrial arm support systeraglasigned for enhancement of the human body
or to function as a master/slave device. For enhancemeitedfitman body, powerful actuators are
required, whereas master/slave devices only requiredsapti

The actuation principles that are applied in existing armppsut systems are electromechanical
actuators, pneumatic actuators, hydraulic actuatorssemitactive dampers. These actuation principles
are the most popular because of their availability, low €£o0ahd controllability compared to other less
known and not off-the-shelf available actuation princgplEurthermore, compliant behavior is important
when choosing an actuation technology. Pneumatic actaterinherently compliant, whereas geared
electromagnetic and hydraulic actuators require additibardware or software. However, pneumatic
actuators have a non-linear behavior. Hardware or softa@ltgions such as series elastic actuators or
specific control strategies, respectively, can be usedtieae compliance. As compliant actuators are
important for comfort and safety, it presents challengestfe arm support system design.

Actuation configuration is the mechanical constructior thaontrolled by the actuation technology.
Externally positioned actuator configurations have a beftaamical behavior compared to the directly
on the joint positioned actuator configurations. Howevbgythave a more complex mechanical
construction. The external positioned actuation configomacan be subdivided into two groups,
exoskeleton constructions and cable suspended constractiThe cable suspended construction has
a large range of motion, however, consists usually of a tamggchanical construction compared to the
exoskeleton construction. Furthermore, a special actnatonfiguration can be distinguished which
includes the gravity compensators. This actuation cordigum is only applied in ambulatory arm
support systems and consists of a mechanical spring or @vight to compensate for the gravity
force. The mechanical spring is prestressed and, therdfoseactuation configuration has a very low
energy consumption. Furthermore, the tension of this gpran be adjusted with an electromagnetic
actuator. However, it has less actuated joints compardtketother actuation configurations.

For each application, different requirements are givenancomparing the arm support systems, an
order of magnitude for the torque and power requirementdeateducted. The ambulatory arm support
systems have a power range of about 0 W to 242 W, whereas thieilieftion arm support systems have
a power range of about 13 W to 400 W. The industrial arm sumy@tems have actuators with a power
of around 150 W for master/slave applications. Dependintherset of requirements, the most suitable
actuation technology and actuation configuration can beamoAn human arm can be simplified into
seven degrees of freedom, however, depending on the suppadtivities, the number of degrees of
freedom can differ. Furthermore, it appeared that thezetlicompliant actuators, such as pneumatic
actuators and series elastic actuators, have a similambdiidof 3 Hz to 18 Hz.

In this technological overview it has been shown that a la@gety of arm support systems exist.
This variety will grow further, for example, relative newtaation principles (metal hydride alloys)
are already applied in arm support systems. Future arm sugygiems will consist of more complex
actuation principles such as multiple degrees of freedammaéars, adjustable compliant actuators, and
artificial muscles with a high force control bandwidth. M@a&uated arm support systems will become
commercially available. However, before arm support systare widely applied, many challenges need
to be faced.
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