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State of the Art  

Key challenges & directions 
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• Healthcare, rehabilitation training 
• Healthcare, assistive use 
• Military, Industry, Construction, load carrying 
• Industry, worker support, task specific 
• Construction, worker support, task specific 
• Consumer, reduction of metabolic cost, increase of 

range 
 
Specific intended use determines focus in challenges 
(not: one design fits all, but task specific design) 

Applications of LLWRs 
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(a)  Propulsion of the body’s center of mass, through the stance  
  leg/s (Kazerooni et al. 2005; Blaya and Herr 2004) 

(b)  Propulsion of the swing leg (Veneman et al. 2005; Banala et al. 2009) 

(c)  Gravitational support of the extremities (Banala et al. 2006) 

(d) Gravitational support to load/body weight carrying (Zoss et al. 2006) 

(e)  Correcting anomalies of the gait trajectory (Banala et al. 2009; Van  

  Asseldonk et al. 2007) 

    Overview cited from: Aguirre-Ollinger, 2015  

SoTA Control goals 
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State of the Art - products 

Key challenges & directions 

BALANCE project 
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Most LLWRs are too heavy: 
• Increase, not reduce metabolic cost 
• Large and clunky, impair turning, balance, etc. 
 
Most LLWRs do not seamlessly interact with the user 
• Impair gait motion 
• Use tricks or predefined patterns to work 
• Not intuitive to interact with 
• Use standard controllers 

General LLWR Issues 
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• Safety and comfort 
• Fall avoidance 
• Obtrusiveness, long term use, compatibility with use 

• High Level Control and Human Robot Interaction 
• Control of needed actions (turning, STS, …) 
• Human robot cooperation (shared control) 

• Energy Use 
• Range of operation 
• Metabolic cost of walking 

• Product Cost 

Specific Key Challenges 
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• Human robot interaction in control 
• Impedance/force control 
• Transparency control 
• Shared control of movement / interaction with HMC 

• Ergonomics and design 
• Alignment of joints and movement 
• Soft design (exosuit) 

• Balance and posture control 
• Detection of loss of balance 
• Corrective actions 

 

Directions in R&D 
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• Systems energetics 
• Recovery of dissipated energy (elastic, electric) 
• Integration in gait cycle dynamics 
• Minimalistic design 

• Component design; sensors, actuators,  
attachments, modularity, energy optimization 
• Accurate motion and force sensing 
• Power to weight ratio 
• Low impedance actuation 
• Personalization, modularity, 3D printing 

Directions in R&D 
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(Some)Key European Projects 

Active or recently active cross Europe consortium 
R&D projects publicly funded 
AXO-SUIT, http://www.axo-suit.eu/ 
BALANCE, http://www.balance-fp7.eu/ 
BIOMOT,  http://www.biomotproject.eu/ 
CORBYS,  http://www.corbys.eu/ 
CYBERLEGs, http://www.cyberlegs.eu/ 
EXO-LEGS, http://www.exo-legs.org/  
ROBO-MATE, http://www.robo-mate.eu/ 
SYMBITRON, https://www.symbitron.eu/   
             www.openaire.eu  
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INTRODUCTION 

Science 

Hardware 

Control 
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Primary Goal 

Use exoskeletons to augment 
postural balance performance 
in standing and walking 
for assistance and training 
irregular incidences (not the regular cycle)  
research, identify limitations 
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Secondary Goals 

• Study balance strategies in humans 
• Foot placement 
• Stiffness adjustment 
• Healthy vs. brain trauma 

• Model balance strategies of humans 
• Equip an exoskeleton with adequate 
 structure, actuators and sensors 
• Develop cooperative exoskeleton control 
• Assess and evaluate performance 
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State of the art 
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INTRO 

Science 

Hardware 

Control 
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Balance control 

1. Experiments to understand human balance control 
• Standing; treadmill and over ground walking; 

turning;  
• Healthy versus impaired 
• Different perturbations: 

• Pelvic pushes  
• Vertical floor (missed step) 

2. Model balancing strategies of humans, focus on FPS  
3. Use strategies/models as basis for cooperative 

exoskeleton control 
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Mediolateral foot positioning is linearly related to 
Center of Mass velocity 



 

Emerging directions in Lower Limb Wearable 

Robots for gait support and augmentation  

Funded by the European Union's

Seventh Framework Programme

JNRR 2015 

26 October 23rd    2015          slide: 

INTRO 
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New hardware platform 

Development of EMY-dev : a lower leg exoskeleton with 
high mobility, high transparency and high dynamics, 

dedicated to the evaluation of balance control strategies 
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New hardware platform 

Confidential 
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• High back-drivability 
• Low friction 
• High efficiency 
• Torque control without 

torque sensor 

Ball-screw and cable actuator 

Remote actuation through flexible shafts 

Actuation Technology 

Confidential 
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• Same motors for each actuated joint. Adjustment via reduction ratio. 
• Proximal joints (Hip a/a and f/e) : priority given to torque 
• Distal joints (knee and ankle) : priority given to speed 

Joint specifications 
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Adequate hardware and sensing environment 

  Base of Support 
Support Polygon 

Verticality 
(relative to 

gravity) 

Center of 
Mass 

Exoskeleton 
kinematic 

configuration 

Human 
kinematic 

configuration 

Foot contact 
configuration 
& interaction 

Center of 
Pressure 
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Sense, and quantify the quality of postural balance, 

 define a STABILITY INDEX. 

 

 

 

 

 

 

 

Centroidal dynamics 
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LOPES II Gait Rehabilitation Robot & 
 MVN Wearable IMU based mocap 

Preliminary validation 
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Consortium 
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Web: balance-fp7.eu      EU FP7 funded: 2013-2017 

           Grant #601003  

 




