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1 INTRODUCTION

Upper extremity movement defects are caused by different sources
such as upper limb component injuries and surgeries, overuse (Skirven

et al., 2011), stroke, traumatic brain injury, spinal cord injury, motoneuron

defects, and neurological diseases such as cerebral palsy and Parkinson’s dis-

ease (Maciejasz et al., 2014). Most of these defects need sessions of physical

therapy to improve joint range of motion (ROM), strengthen muscles

(Skirven et al., 2011), restore functional capabilities, and resolve impair-

ments (Maciejasz et al., 2014).

Stroke causes longstanding impairments, and it has a noticeable risk fac-

tor in older adults. One-sixth of people worldwide will experience stroke in
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their lifetime; 15 million people are suffering from stroke every year.

Following these trends, it is estimated that 23 million stroke cases will hap-

pen in 2030 (Mendis, 2013). Thus, procedures to rehabilitate this long-term

disability are essential (Broeren et al., 2004; Oujamaa et al., 2009; Turolla

et al., 2013; Hatem et al., 2016). Studies have reported that following a

stroke upper extremity motor defects have the highest prevalence among

movement disorders (Bansil et al., 2012; Mehrholz et al., 2012). Therefore,

rehabilitation approaches for upper extremity motor control and function

recovery are of importance. Consequently, this chapter will focus on upper

extremity movement disorders in poststroke patients.

Neurological complications of stroke are various (Fulk et al., 2014)

and need to be considered in rehabilitation therapy. Some of these compli-

cations are:

1. Hemispheric behavioral differences: Stroke patients may show different

behaviors in doing a task. Those with right hemiplegia have difficulty

accomplishing consecutive tasks; these patients may need some assistance

in their therapy. On the other hand, patients with left hemiplegia have

task perception problems, and they overestimate their abilities. Fluctu-

ations in doing a task are common among them. To address the wrong

perception, safety issues should be considered carefully.

2. Perceptual dysfunction: It is common among left hemiplegia patients, and

can be revealed as one of these symptoms: body scheme, spatial relation,

and agnosia. The body scheme is the difficulty in realizing the relation-

ship between body parts. The spatial relation is having trouble in per-

ceiving the relationship between body and other objects. The agnosia

is the problem in distinguishing incoming information, which can be

visual, auditory, or tactile.

3. Osteoporosis and fracture risk: Because of the lack of physical activity, these

patients may get osteoporosis. Osteoporosis is a bone disease for which

the mass of bone will decrease and cause fractures.

There are two main types of training for stroke rehabilitation: unilateral

and bilateral (Wu et al., 2013). Unilateral training is a therapy for the sin-

gle impaired limb. Constraint-induced therapy, which is an intensive use of

the impaired limb while constraining the unaffected limb, is a kind of

unilateral training therapy. Taking into account bimanual daily activities

like hand washing, the idea of getting more help from undamaged neural

pathways, and case-dependent use of unilateral training, has led to bilat-

eral training theory. Bilateral training is used for symmetric, asymmetric,

and complementary movements of both impaired and unimpaired limbs
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(Stoykov and Corcos, 2009). In symmetric movements of the upper

extremity, arms are moved in the same way. In asymmetric movements,

arm movements are opposing. In complementary movements, both arms

are performing a combinatory task.

Although unilateral and bilateral training approaches are different, they

are pursuing the same goal. Recent studies (Wu et al., 2013; van Delden

et al., 2013) have stated that there are no significant outcomes that can make

one method of training superior to the other. The procedures of these train-

ing methods are developed by motor learning theories. These theories are

sometimes contradicting and are not fully determined; some of the available

ones are (Brewer et al., 2007; Muratori et al., 2013; Hatem et al., 2016):

• Implicit or explicit learning: Implicit learning is unconscious during indirect

task execution, while explicit learning is directed. Bobath concept training

can be defined as an implicit learning exercise; it facilitates voluntary

movement by handling specific points of the patient’s body.

• Massed or variable practice: Massed practice (repetitive task training) is repet-

itive single task accomplishment, while variable practices (task-oriented

training and goal-directed training) are for training multiple tasks. In the

task-oriented (task-specific) training, a real-life practice is provided to

reacquire a specific skill. The goal-directed (client-centered) training is a

type of task-specific training in which the practice is defined based on

the directed goals of the patient and therapist.

• Feedback distortion or assistance: Feedback distortion is magnifying move-

ment errors instead of assisting the patient to reduce the errors.

• Real-world practice: This can be done by virtual reality methods that are

enhanced by visual, auditory, or tactile feedback.

Although it has been found that therapy is effective in the treatment of

movement disorders, therapy hours per patient have decreased because of

economic burdens (Reinkensmeyer et al., 2002). Studies have shown that

comprehensive and optimal stroke care can decrease the associated costs sig-

nificantly (Krueger et al., 2012; Blacquiere et al., 2017). This optimal care

can be achieved by implementing new technologies. That is why the design

and development of biomechatronic devices (i.e., rehabilitation robots) have

gained more importance.

To show the need for rehabilitation robots, we should survey the goals of

therapy (Reinkensmeyer, 2009; Richards and Malouin, 2015; Hatem et al.,

2016):

• Increase activity: It is done by the use of Thera-bands, pegboards, and

blocks in conventional therapy.
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• Provide intense repetitive and engaging exercises: This is the best practice

guideline for therapy (Richards and Malouin, 2015). Conventionally,

a therapist’s labor and enthusiasm plays an important role in providing

these exercises. However, there is a high interest in applying less therapist

labor-intensive modes, and this is in contrast to conventional therapy

approach for providing intense repetitive exercises.

• Provide assistance: Conventionally is accomplished with the help of ther-

apists, splints, and arm-supports.

• Improve assessment: Traditionally is achieved by force gauges, goniome-

ters, and timers.

• Provide feedback: This can be visual, auditory, or tactile.

Considering these goals and their effectiveness, increasingphysically impaired

patient population (Maciejasz et al., 2014), the limited number of therapists

and decreased therapy hours because of economic issues (Reinkensmeyer

et al., 2002), and versatile features offered by robotic devices justify the

employment of rehabilitation robots in therapy sessions. These features

include automation andversatility in procedures and assessmentswhile apply-

ing intense repetitive and engaging exercises (Reinkensmeyer, 2009).

There are various reviews of upper extremity rehabilitation robots

(devices) in the literature (Hesse et al., 2003a; Brewer et al., 2007;

Brochard et al., 2010; Lo and Xie, 2012; Maciejasz et al., 2014; Babaiasl

et al., 2016; Proietti et al., 2016; Brackenridge et al., 2016; Gopura et al.,

2016; Huang et al., 2017), and there are different classifications for these

robots. However, there is a lack of comprehensive classification of these

robots. In this study, we thoroughly categorize these robots for different con-

texts. Herewe use upper extremity rehabilitation robots and upper extremity

rehabilitation devices interchangeably. It is worth noting that upper extrem-

ity rehabilitation devices include passive and active robots. Mechanical, and

visual and auditory feedback devices are part of passive robots.

In the next sections, classification of these robots based on different

approaches is discussed. Next, a proper planning for rehabilitation is pres-

ented. Finally, recent developments and research opportunities in the field

of upper extremity rehabilitation robots are reviewed and conclusions

are made.

2 CLASSIFICATION BY MECHANICAL DESIGN

The mechanical design of upper extremity rehabilitation robotic sys-
tems can be classified as manipulanda or exoskeletons (Maciejasz et al., 2014).
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Manipulanda are end-effector-based robots that have a simple structure

and control algorithms. Thus, it is hard to perform special movements of a

distinct joint using these robots. Another design issue in these robots is that

the end-effector at most can provide 6 degree-of-freedom (DOF). Hence,

the number of anatomical movements should not exceed 6; otherwise, it will

cause redundancy, which may be unsafe.

These devices can be composed of multiple robots (multirobot man-

ipulandum in Fig. 1) such as “iPAM” (Jackson et al., 2007, 2013) and

“REHAROB” (Fazekas et al., 2006), which are dual-robot manipulanda.

However, generally, these devices are a single robot (single-robot man-

ipulandum in Fig. 1). The “InMotion Arm” (which is the commercial ver-

sion of “MIT-MANUS” (Krebs et al., 1998)), “HapticMaster” (Van der

Linde and Lammertse, 2003), and “ReoGo” (from Motorika Medical

Inc.) are some examples of single-robot manipulanda.

It is worth noting that some of these devices are connected to the body

segments by cables (cable-based devices), and in some references, cable-based
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Fig. 1 Mechanical classification of upper extremity rehabilitation robots.
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devices are categorized separately. Nonetheless, we have considered them as

a type of manipulanda (cable-based manipulanda). Cable-based manipulanda

can also be categorized as single-robot and multirobot. “DIEGO” (from

Tyromotion GmbH) and “MariBot” (Rosati et al., 2005) are examples of

cable-based single-robot manipulanda. “GENTLE/S” (Loureiro et al.,

2003), which is an integrated “HapticMaster” with a cable-based mecha-

nism, is a type of cable-based multirobot manipulanda.

Exoskeletons can provide movements to particular joints (see Fig. 1),

and the number of anatomical movements can exceed 6. Nonetheless,

increasing the number of moving parts increases the number of device mod-

ules, so the system setup becomes difficult.Moreover, since the shoulder has a

variable joint center, the mechanical design and control algorithms become

more complicated.Mostly these robots are combinedwithweight supporting

devices or manipulanda (semiexoskeleton in Fig. 1). “ArmeoPower” (which is

basedon“ARMin III” (Nef et al., 2009)) and “ArmeoSpring” (which is based

on “T-WREX” (Sanchez et al., 2004)) are commercial semiexoskeletons

(Proietti et al., 2016;Maciejasz et al., 2014). If exoskeletons are not connected

to any external mechanism, they will be mobile (mobile exoskeleton in Fig. 1).

“CyberGrasp” (Adamovich et al., 2009) and “RUPERT” (Balasubramanian

et al., 2008) are examples of these devices.

Manipulanda are most often used for training nonmobile gross move-

ments (e.g., reaching task); on the other hand, exoskeletons are perfect

for training mobile or joint-specific movements (i.e., perform specific

movements of distinct body joints, e.g., grasping task). Manipulanda usually

enjoy lower cost margins than exoskeletons as well as less complicated setups

and shorter patient-preparation time for therapy. The selection of one of

these two different devices highly depends on the level of the patient’s

disability; for example, in early stages of stroke when the patient is more vul-

nerable and unstable, manipulandum training seems to be a safer choice.

Mechanical design of these devices can be improved by considering the

patient’s ergonomics and removing higher transformation ratios using effi-

cient direct-drivemotors. Furthermore, exoskeletons benefit from the use of

lighter parts with a high mechanical strength to be attached to the patient’s

body. However, these advancements are limited by the production cost;

finding the best price-quality trade-off requires proper design methodology,

such as model-based system engineering (MBSE). MBSE is a designated

modeling application that supports system requirements, design, analysis,

verification, and validation of conceptual designs throughout the develop-

ment and lifecycle phases.
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3 CLASSIFICATION BY TRAINING

Based on Brewer et al. (2007), these robotic systems can be catego-
rized by training approaches. Accordingly, these robots are classified as either

unilateral or bilateral trainers. Unilateral trainers compromise repetitive

practice of a single arm, while bilateral trainers perform bimanual therapy.

Compared with unilateral trainers, there are a limited number of bilateral

devices available in the literature (Sheng et al., 2016). Both the classes of

trainers can provide gross and/or fine motor movements.

In gross motor movements, massed practice with explicit learning is

accomplished. Gross motor movement is an established method of therapy

used in various rehabilitation robots. Unilateral trainers, such as “MIT-

MANUS” (Krebs et al., 1998), “GENTLE/S” (Loureiro et al., 2003),

“MariBot” (Rosati et al., 2005), “ARM Guide” (Kahn et al., 2006), and

“ARMin” (Nef et al., 2007), and bilateral trainer “MIME” (Burgar et al.,

2000) are used for gross motor movements.

Fine motor movements are mostly related to hand and wrist rehabilita-

tion. This method can be used for increasing ROM or regulation of motor

tasks like independent movements of fingers. Unilateral trainers, such as

“Hand Mentor” (Koeneman et al., 2004), “HEXORR” (Schabowsky

et al., 2010), “HandTutor” (Carmeli et al., 2011), “Amadeo” (Sale et al.,

2012), and “VAEDA glove” (Thielbar et al., 2017), and bilateral trainer

“Bi-Manu-Track” (Hesse et al., 2003b) provide fine motor movements.

Some rehabilitation robots can be used for both gross and fine motor

movements. “RUPERT” (Sugar et al., 2007), the single arm “CADEN-7”

(also known as “EXO-UL7”) (Perry et al., 2007; Simkins et al., 2013),

“ARMin III” (Nef et al., 2009), and “Universal Haptic Drive” (Oblak

et al., 2010) are unilateral trainers of this type. The double arm “EXO-UL7”

(Rosen and Perry, 2007; Simkins et al., 2013) is a bilateral trainer that

provides both gross and fine motor movements.

Together with the above tasks, some robots have additional features such

as real-world practice (Patton et al., 2004), functional electrical stimulation

(FES) (Hu and Tong, 2014), electromyography (EMG) (Rahman et al.,

2015), electroencephalogram (EEG) (Fok et al., 2011), gravity compensa-

tion (Stienen et al., 2007; Moubarak et al., 2010), feedback distortion

(Brewer et al., 2008), telerehabilitation (Ivanova et al., 2015), and progress

assessment (e.g., “KINARM” is used for motor function assessments

(Coderre et al., 2010; Mostafavi et al., 2015)).
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As discussed in Section 1, there is no significant advantage that can make

one method of training superior to the other. Both unilateral and bilateral

trainers are pursuing the same goal, and their selection depends on the

patient’s condition and his/her level of disability. Hence, plotting a general

guideline for the selection of a suitable trainer is a complicated and cumber-

some procedure, and it is case-dependent. For example, in early stages of

stroke, a unilateral trainer who provides gross movements is a generally

preferable choice. In the next stages, this training can be combined with

real-world practice. For fine movements, if exoskeletons are not affordable,

FES can be used instead. Finally, to quantify functional activities of the sub-

ject, bio-feedback features (EMG and EEG) can be used.

4 CLASSIFICATION BY FORM OF REHABILITATION

Upper extremity rehabilitation robots can support daily activities and
are designed for home or clinical use (Maciejasz et al., 2014). The target pop-

ulation for most of these robotic systems is poststroke patients, for whom

these robots can be active, passive, haptic, or coaching devices.

Active devices provide active/passive assistance therapy. In passive mode,

the robot moves the patient’s limb without any muscular activity of the pas-

sive patient, while in active mode the patient is active during training. Most

upper extremity rehabilitation robots are active devices (Maciejasz et al.,

2014). In contrast to active devices, passive devices perform passive resistance

therapy. These devices are used to provide different types of muscle

strengthening exercises including isometric, isotonic, isokinetic, and iso-

contractile. “Biodex System 4 Pro” is used for isokinetic exercises

(Cvjetkovic et al., 2015), “MEM-MRB” is an isokinetic and iso-contractile

exercise machine (Oda et al., 2009), and “PLEMO” (Kikuchi et al., 2007)

and “WOTAS” (Rocon et al., 2007) are other examples of passive devices.

In addition to active and passive devices, there are some devices that do

not explicitly assist or resist the patient’s movement; instead they are used for

real-world practice.Haptic devices transfer tactile sensing to the patient. They

do not assist or resist movement, but they provide real-world practice by

incorporating haptic feedback while a patient is manipulating virtual objects

in the simulated environment (i.e., virtual reality). There are various exam-

ples of virtual reality in rehabilitation research in which actuated feedback is

implemented (Todorov et al., 1997; Prisco et al., 1998; Jack et al., 2001;

Sveistrup, 2004). In Johnson et al. (2004) andWamsley et al. (2017), gaming

steering wheels are used to generate force feedback for poststroke upper
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extremity rehabilitation. “Handreha” is a hand-wrist haptic device that is

used for hemiplegic children rehabilitation (Bouri et al., 2013). Coaching

devices coach the individual by providing real-world practice via visual or

auditory feedback. For example, “T-WREX” monitors functional arm

movements during a home-therapy (Sanchez et al., 2004), and “DIEGO”

(from Tyromotion GmbH) with active gravity compensation and

“Microsoft Kinect” are used in virtual rehabilitation (Tseng et al., 2014).

Once again, selection of a suitable form of rehabilitation depends on the

patient’s condition and his/her level of disability. Recommending a general

guideline for this selection requires significant years of experience with

movement disorder therapy. Studies have shown that assisted therapy with

active devices is prevalant for most rehabilitation procedures, and other

forms of rehabilitation can be achieved by means of these active devices if

needed (Maciejasz et al., 2014).

5 CLASSIFICATION BY CONTROL SCENARIOS

Human arm motions are controlled by the biological feed-forward
and feedback control commands of the central nervous system (CNS)

(Mehrabi et al., 2017). The feed-forward commands are predicted using

an internal model of the arm. Feedback commands are corrective commands

generated by the assessment of movements by sensory organs. Any elec-

tronic controller that can maintain these characteristics might be advanta-

geous in rehabilitation robotics.

For exerting therapy approaches by upper extremity rehabilitation

robots, different control algorithms are utilized. The control inputs are

dynamic measurements such as force and torque signals, kinematic displace-

ment and velocity signals, and triggers such as switches and EMG signals.

Their feedbacks to the user are tactile, visual, auditory, or electrical

(FES). The control strategies for these robots are categorized as

(Maciejasz et al., 2014; Proietti et al., 2016) high- and low-level control sce-

narios. High-level control scenarios help to stimulate motor plasticity, and

low-level control scenarios are used to implement high-level scenarios.

These control scenarios with their subcategories are summarized in Fig. 2.

5.1 High-Level Control Scenarios
As shown in Fig. 2, there are three high-level control scenarios (Marchal-

Crespo and Reinkensmeyer, 2009; Maciejasz et al., 2014; Proietti et al.,

2016), which are assistive, resistive, and corrective control.
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In assistive control, the robot helps the patient’s movements using

passive, triggered passive, or partially assistive control.

In passive control, the device tries to constrain the patient’s hand to the

desired track. This track can be defined in different ways. If it is a reference

tracking control, then it is called passive trajectory tracking. This trajectory

can be achieved by kinematic-based position control, where the tracking is
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done on a smooth trajectory (Krebs et al., 2003; Johnson et al., 2006; Brewer

et al., 2006; Amirabdollahian et al., 2007; Wolbrecht et al., 2007; Rosati

et al., 2007; Loureiro and Harwin, 2007; Montagner et al., 2007; Erol

and Sarkar, 2007) that is determined by the “minimum-jerk” hypothesis

(Flash and Hogan, 1985). The reference trajectory can be obtained from

unimpaired volunteers in the so-called “record-and-replay” method

(Kousidou et al., 2007; Staubli et al., 2009), or it can be generated by the

therapist guidance, which is called “teach-and-replay” (Pignolo et al.,

2012). If the desired trajectory is a path followed by the unimpaired limb,

it is called passive mirroring, which is based on bilateral training (Pignolo

et al., 2012; Guo et al., 2013). Finally, in the passive stretching, the limbs

are coordinated by measuring the angle-resistance torque relation (Ren

et al., 2013).

In triggered passive control, the device uses biosignals as control inputs,

but this triggeringmay cause slacking in which the patient does not show any

effort and waits for the robot assistance. These controllers are gaze-based

tracking (Loconsole et al., 2011; Novak and Riener, 2013), EMG-based

(Crow et al., 1989; Dipietro et al., 2005; Stein et al., 2007; Choi and

Kim, 2007; Duc et al., 2008; Cesqui et al., 2013; Loconsole et al., 2014;

Rahman et al., 2015; Leonardis et al., 2015; Elbagoury and Vladareanu,

2016), FES-based (Hu and Tong, 2014; Kapadia et al., 2014), and brain-

computer interface (BCI)-based (which also includes EEG-based control-

lers) (Fok et al., 2011; Frisoli et al., 2012; Sakurada et al., 2013;

Venkatakrishnan et al., 2014; Dremstrup et al., 2014; Brauchle et al.,

2015; Barsotti et al., 2015).

Partially assistive control is implemented by various methods (see Fig. 2).

In impedance-based assistance, different variations of impedance and admit-

tance controls are used to control the rehabilitation robot (Reinkensmeyer

et al., 2000; Colombo et al., 2005; Kahn et al., 2006; Gupta and O’Malley,

2006; Carignan et al., 2009; Culmer et al., 2010; Tsai et al., 2010; Miller and

Rosen, 2010; Yu et al., 2011). In attractive force field control, some types of

manipulability ellipsoid are used to apply force in specific directions (Kim

et al., 2013; Yamashita, 2014). If a musculoskeletal upper extremity model

is used to implement a model-based assistive control in an exoskeleton, it is a

model-based assistance (Ding et al., 2008, 2010). If the adaption to the perfor-

mance index is done from trial to trial, it is called learning-based control. Offline

adaptive (Balasubramanian et al., 2008; Wolbrecht et al., 2008; P�erez-
Rodrı́guez et al., 2014; Proietti et al., 2015) and artificial intelligence (AI)

(Hernández Arieta et al., 2007) controls are among this type of control
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structure. In counterbalance-based control, the device applies active/passive

counterbalance to the patient limb for gravity compensation (Sanchez

et al., 2006; Sukal et al., 2006; Stienen et al., 2007; Montagner et al.,

2007; Jackson et al., 2007; Mihelj et al., 2007). Lastly, if the robotic system

tracks the performance of the patient using an error-based strategy and adapts

some features for assistance, this is performance-based adaptive control (Kahn

et al., 2004; Krebs et al., 2003; Riener et al., 2005).

As in Fig. 2, there are different methods to implement resistive

(challenge-based) control. In resistance induced therapy, the robot resists

patient’s movements (Morris et al., 2004; Patten et al., 2006). In error ampli-

fication (feedback distortion) therapy, the robot amplifies kinematic (Patton

et al., 2006a,b), visual (Wei et al., 2005; Brewer et al., 2006; Patton et al.,

2006b), or tactile errors (Liu et al., 2017). Finally, sometimes constraint-

induced therapy is used in resistive robotic control (Johnson et al., 2003;

Shaw et al., 2005).

Corrective control is a kind of time-independent assistive control, in

which the assistance is done when there are large tracking, coordination,

or skill errors. This can be achieved by tunneling, in which an impedance-

based control is applied at the boundaries of a wider trajectory (Guidali

et al., 2011; Klamroth-Marganska et al., 2014; Mao et al., 2015). Coordina-

tion (synergy-based) control prevents large coordination errors between

joints during a rehabilitation task (Guidali et al., 2009; Brokaw et al.,

2011; Crocher et al., 2012). Finally, haptic provoke is used for providing

real-world experience based on gaming control schemes (Burdea, 2003;

Patton et al., 2004; Broeren et al., 2006; Yeh et al., 2013).

It was mentioned in Section 1 that optimal care is of great importance

for rehabilitation robotics. This optimal care can be achieved only if the

robot has an understanding of the coupled human-robot rehabilitation

system. Thus, one major stream of recent studies is dedicated to the

improvement of triggered passive control methods, which will be dis-

cussed in Section 7: Recent developments and research opportunities.

Patient preparation is the downside for the direct use of biosignals (trig-

gered passive control); however, partially assistive controllers use internal

bio-inspired models of the patients to make decisions. Consequently,

another major stream of recent research is focused on partially assistive

control methods since these devices can assist the patients using some

helpful bio-inspired information. Later in Section 7, recent develop-

ments and research opportunities, some of these developments, will be

discussed.
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5.2 Low-Level Control Scenarios
In robotic rehabilitation, since the human body is interacting with the

mechatronic device, safety issues in the design of appropriate control strat-

egies are very important. Conventional position or force control approaches

(because of poor dynamic interaction modeling) are not safe enough to be

implemented in these devices (Hogan, 1985). Therefore, modified control

approaches like impedance and admittance control are used. In impedance

control, the position of the impaired limb is measured, and appropriate force

is applied (i.e., it is a force control with a position feedback), while in admit-

tance control the applied force by the impaired limb is measured and the

correspondingmovement is imposed (i.e., it is a position control with a force

feedback). Use of these methods is design and task specific. Impedance con-

trol has a poor accuracy; however, it becomes more stable by increasing the

environment stiffness (see Fig. 3, which is adopted fromOtt et al., 2010). On

the other hand, as in Fig. 3, admittance control in stiff environments is not

stable, while it has a good accuracy in less stiff environments. Implementing

admittance control needs high transmission ratios to be considered in the

mechanical design, while impedance control works well with direct drives

(i.e., it is efficient for a light-weight back-drivable robot) (Ott et al., 2010;

Proietti et al., 2016).

6 REHABILITATION PLANNING

Since rehabilitation robots are in contact with the human body, proper
planning for rehabilitation needs design and decisions that consider the

patient. The goal of the human-robot interaction (HRI) field is the design,

development, and assessment of human-centered products (Goodrich and

Schultz, 2007; Louie et al., 2017). HRI research in upper extremity robo-

tic rehabilitation dates back to the 1990s (Van der Loos et al., 1999).
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The interaction term inHRI for rehabilitation robots can be categorized into

two levels: physical and social. Mechanical upper extremity devices have

physical interactions, while noncontact upper extremity devices such as

“Microsoft Kinect” are considered to have social interaction. Most active

rehabilitation robots that provide different types of visual and auditory

feedback have physical-social interaction.

To study HRI in rehabilitation robotics, one should consider HRI

parameters: interaction arrangement, user interface, ability level, learning

and adaption, exterior design, and therapy time (Louie et al., 2017). In

robotic rehabilitation, interaction arrangement includes single-robot and

single-user, single-robot and multiple-user, and multiple-robot and

single-user; this arrangement can help to find the required mechanical

design. Robot user interface can be auditory, tactile, or visual; the type of

training can be distinguished by the user interface. Ability level indicates

the robot’s ability to perform a task, and this factor can have 10 levels varying

from no-assistance to independent control modes; these levels indicate the

form of rehabilitation. Regarding learning and adaption, both robot and user

should learn and adapt to each other’s performances, and this can motivate

the type of control scenario. Therapy time is each rehabilitation session’s

duration, and it is important to consider patient fatigue in control scenario

selection.

In addition to the HRI parameters, HRI metrics including user accep-

tance, user participation, user accompaniment, and user safety should be

considered. These metrics are used for postprocessing the results of a reha-

bilitation task with a robot. User acceptance indicates how much the user is

satisfied with the robot, user participation shows how long the user is

engaged in the robotic rehabilitation task, user accompaniment evaluates

how often the user is accompanying the robotic task (learning and adaption),

and the robot’s reliability is assessed by user safety (which is ensured by lim-

iting the robot’s ROM, kinetic variables, and motor torques).

To have a systematic and human-centered approach for optimal

mechanical design, these HRI metrics and parameters should be included

in the system requirements of the MBSE design process.

7 RECENT DEVELOPMENTS AND RESEARCH
OPPORTUNITIES
In previous sections, we categorized upper extremity rehabilitation

robots by mechanical design, type of training, form of rehabilitation, and
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control scenarios. In this section, we focus on recent advancements in the

control strategies for upper extremity rehabilitation robots with different

mechanical designs, including single- and multirobot manipulanda, mobile

exoskeletons, and semiexoskeletons.
7.1 BCI-Based Strategies for Control and Rehabilitation
Methods for recording electrical (e.g., EEG) or magnetic fields (e.g., func-

tional magnetic resonance imaging (fMRI) and functional near-infrared

spectroscopy (fNIRS)) are used to monitor brain activities. Studies have

shown that the intention to perform a specific physical activity generates

consistent EEG patterns in BCI (Liu et al., 2012; Xu et al., 2014). BCI

may recover brain plasticity and motor function by means of focused atten-

tion on and guidance of activation patterns of brain signals (Daly and

Huggins, 2015; Yao et al., 2017). This feature motivates the application

of BCI in rehabilitation robotics. Recent advancements in real-time signal

processing, identification of new brain signal patterns, widespread accep-

tance of BCI, and less-satisfactory intense rehabilitation methods have

increased the interest in BCI deployment.

BCI-based rehabilitation studies (Ang and Guan, 2015, 2017; Ang et al.,

2015) at the Nanyang Technological University (Singapore) have led to

well-established results in the use of BCI for rehabilitation robots. In Ang

et al. (2015), they used the “MIT-MANUS” (single-robot manipulandum)

with their proposed EEG-based motor imagery BCI (BCI-MANUS

therapy) and compared the rehabilitation results with MANUS therapy.

In the MANUS therapy, poststroke subjects performed self-paced vol-

untary reaching movements. The robot assisted the subject if there were

no detectable movements from them after a 2-second interval. Prior to

the BCI-MANUS therapy, the robot was calibrated based on the recorded

EEG signals when the subject was asked to imagine a voluntary reaching

movement while the robot’s end-effector was locked in its position. Then,

in the BCI-MANUS therapy, the subject was asked to imagine voluntary

reaching movements with minimal voluntary movements. Based on the

trained subject-specific motor imagery results, the robot manipulated the

subject’s arm toward the target.

Results of the study showed that the BCI-MANUS therapy is more

effective than theMANUS therapy. Furthermore, despite the reduced num-

ber of repetitions (i.e., less intensity) in the BCI-MANUS, it results in motor

gains similar to more intense robotic therapy. Although BCI-based
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rehabilitation has been successful in laboratory-based studies, it needs more

clinical trials. Currently, available BCIs can improve motor function, if they

are applied in a larger number of therapy sessions (Mrachacz-Kersting et al.,

2016). Further developments of this system depend on our knowledge of

motor recovery and skill learning, involved motor centers, and intervention

mechanisms. Discoveries in these areas will lead to more reliable clinical

BCI-based therapy (Daly and Huggins, 2015).
7.2 FES-Based Strategies for Control and Rehabilitation
With FES, a series of electrical pulses are applied to the skeletal muscles of the

affected limb to compensate for the loss of voluntary neural commands. It is

possible to modulate the amount of force produced in the muscles by con-

trolling either the electrical current or pulse-width of the stimulation (Sharif

Razavian et al., 2018). FES has been shown to be an effective therapy pro-

gram in restoring hand function in severe chronic stroke patients (Kapadia

et al., 2014; Thrasher et al., 2008). Due to the complexity of the FES con-

trol, the combination of robotic and FES therapy paradigms has been pro-

posed (Hu and Tong, 2014; Kapadia et al., 2014). In such setups, the robot is

usually used to resist the motion while “guiding” the patient’s limb, while

FES is the main driver of the affected limb. Therefore, a robotic controller is

needed to allow for such interactive movement.

Combination of FES with an upper extremity stroke rehabilitation robot

is an ongoing research, which is mostly focused on its possibility (Hu and

Tong, 2014; Kapadia et al., 2014). Recently, at the University of Leeds

(United Kingdom), a proof of concept study on the feasibility of this com-

bination has been performed (O’Connor et al., 2015). In this study, “iPAM”

(double-robot manipulandum) was used to assist active reaching of a subject,

and “Odstock Pace” (neuromuscular electrical stimulator) was assisting and

restoring grasp in the subject. In a big picture view, if “Odstock Pace” is

viewed as an exoskeleton, this system can be considered as a semiexoskeleton

(see Fig. 1), which is used for reach-and-grasp arm movement.

The objective of this study was to enable natural prehension (reach-and-

grasp) instead of over-imposed therapy, which is achieved by separate

reaching and grasping exercises. “iPAM” provides arm reaching (shoulder

and elbow motion) from a target to another target; once the hand is close

to the reaching target, “Odstock Pace” is triggered by “iPAM” and it stim-

ulates forearm muscles to open the patient’s hand. The results of this study

proved the possibility of combining FES with an upper extremity rehabil-

itation robot.
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The effectiveness of the FES therapy seems to be tied to the simultaneous

activation of sensory and motor pathways in the nervous system, which

coupled with the associated mental effort may increase the neuroplasticity

(Daly and Wolpaw, 2008). Therefore, the use of EEG in the detection of

motor imagery and proper timing of FES signals is proposed as a possible

solution to further improve the therapy outcome (Marquez-Chin

et al., 2016).
7.3 EMG-Based Strategies for Control and Rehabilitation
EMG signals are used to evaluate the amount of muscle activity during a spe-

cific task. If upper extremity rehabilitation robots target deficits in muscle

activations, their therapy will be more beneficial. The best way to capture

muscle activation patterns is to use bio-feedback (i.e., EMG) signals. In a

study by the Rehabilitation Institute of Chicago (RIC, United States), a spe-

cial voice and EMG-driven mobile exoskeleton (called “VAEDA glove”)

for hand rehabilitation has been developed (Thielbar et al., 2017). Com-

pared to other hand rehabilitation robots, the “VAEDA glove” is advanta-

geous since it allows for practice of functional task.

Poststroke patients were divided into two groups: (1) with rehabilitation

robot therapy (VAEDA) and (2) traditional fine-motor rehabilitation ther-

apy (No-VAEDA). The therapy was focused on grasp-and-release tasks. In

VAEDA therapy, the voice commands triggered the movement and the

EMG command drove the actuators. Results of this study showed that

the patients with VAEDA therapy could achieve better performances in

physiotherapy assessments.

Despite the satisfactory outcomes of EMG-based rehabilitation, it is not

suitable for performing complex movements. The success of EMG-based

methods highly depends on how well muscle synergies and activation pat-

terns are identified. The learning algorithm which is used to relate muscle

activations to physical activities plays an important role in the establishment

of better EMG-based rehabilitation. Advancements in deep learning will

provide a platform for EMG-based therapy in complex activities.
7.4 Model-Based Strategies for Control and Rehabilitation
Best design practices demand a proper understanding of the whole system,

which for this case consists of a human body interacting with a rehabilitation

robot. This interaction will affect rehabilitation procedures; however,

there is a lack of studies considering human body interaction with the
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rehabilitation robot. In Ding et al. (2010), a musculoskeletal upper extremity

model (without including muscle dynamics) was used to implement a

model-based assistive controller for a full-body rehabilitation exoskeleton.

At the University of Zurich (Switzerland), model-based arm weight

compensation is used inside the controller for “ARMin V” (sem-

iexoskeleton). The results of this study showed that with active model-based

gravity compensation, the patient’s effort will drop significantly.

The biological control structure of the CNS can be represented by an

nonlinear model predictive control (NMPC) with receding horizon. In

the NMPC, a forward dynamics model is used to generate gross optimal

movements, and feedback information is used for fine-tuning. NMPC is

used in a variety of applications in biomechanics (Mehrabi et al., 2017)

and automotive control (Maitland and McPhee, 2018). Recent progress

in the development of NMPC motivated researchers at the University of

Waterloo (Ontario, Canada) to control a rehabilitation robot using NMPC

with a nonlinear dynamic HRI model (Ghannadi et al., 2017). In this

research, the HRImodel was confined within an NMPC of the single-robot

manipulandum (which is designed and developed by the Toronto Rehabil-

itation Institute (TRI) and Quanser Consulting Inc.). The proposed con-

troller used a musculoskeletal model of the upper extremity to predict

human movements and muscle activations (Mehrabi et al., 2017), thereby

providing optimal assistance to the patient. In this study, the controller suc-

cessfully predicts the muscular activations in model-in-the-loop simulations.

Model-based strategies for rehabilitation are more appealing than the

triggered-passive methods since they do not require patient preparation

for sensor attachment. However, the models should be identified within

an acceptable accuracy to ascertain the validity of bio-inspired information.

This accuracy should be achieved with a proper parameter identification

procedure that is done with the use of bio-sensors in pretests with the robot.

Thus, having a systematic approach for pretests and developing powerful

tools for parameter identification is a key element in the success of these

methods.
8 CONCLUSION

In this chapter, a review of upper extremity rehabilitation robots was
presented, considering their mechanical design, type of training, form of

rehabilitation, and control scenarios. Then, recent enhancements in the field

of rehabilitation robotics were introduced.
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In the human body, the armmotion is controlled by theCNS, so control-

lers that have any characteristics of the CNSmight be advantageous for reha-

bilitation robotics. Since triggered passive controllers are dealing with

biosignals, they can provide powerful tools for rehabilitation by inclusion

of biological feedback. Thus, recent developments in rehabilitation robotics

aremostly focusedon leveraging these typeof controllers to improve thequal-

ity of biologically plausible therapy. Furthermore, model-based controllers

(e.g.,NMPC) can also provide biomechanically plausible tools for rehabilitation;

consequently, some studies in recent years have been focused on this idea.

Traditional physical therapies suffer from various inadequacies

(Jorgensen et al., 1995; Ifejika-Jones and Barrett, 2011) and may result in

significant financial burdens from costly therapy sessions (Dong et al.,

2006; Krebs and Hogan, 2012). It is important to continue advancing reha-

bilitation robots, supported by innovative motor learning scenarios (Brewer

et al., 2007; Cano-de-la Cuerda et al., 2015) and the optimization of

mechatronic design and control algorithms, since they can result in effective

in-home rehabilitation and patient care (Dong et al., 2006; Poli et al., 2013).

Furthermore, these interactive and friendly robots can provide variations in

delivering therapy (building on new achievements in motor learning studies)

(Brewer et al., 2007; Reinkensmeyer, 2009), and meaningful restoration of

functional activities (Krebs and Volpe, 2013). In conclusion, we fully expect

that more progress will be made in the near future to improve the design

and control of rehabilitation robots for providing biologically plausible

autonomous therapy.
GLOSSARY
AI Artificial intelligence

BCI Brain-computer interface

CNS Central nervous system

DOF Degree-of-freedom

EEG Electroencephalogram

EMG Electromyography

FES Functional electrical stimulation

fMRI Functional magnetic resonance imaging

fNIRS Functional near-infrared spectroscopy

HRI Human-robot interaction

MBSE Model-based system engineering

NMPC Nonlinear model predictive control

ROM Range of motion

TRI Toronto Rehabilitation Institute
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