
BENCHMARKING LOWER LIMB WEARABLE ROBOTS: 
TOWARDS PRACTICAL AND EVIDENCE-BASED SOLUTIONS 



WHAT IS A BENCHMARK? 

Benchmarking

1.  To assess systems 
quantitatively and 
impartially 

2.  To compare 
different 
solutions 

4.  To identify critical 
issues and improve 
the system 

3. To demonstrate that they can work 
out of the lab 

“A STANDARD OR POINT OF REFERENCE AGAINST WHICH 
THINGS MAY BE COMPARED OR ASSESSED” 



WHY BENCHMARKING? 

BENCHMARKS 

TECHNOLOGY READINESS LEVELS (TRLS) 

FROM IDEA TO THE MARKET 



WHAT TO BENCHMARK? 
(WEARABLE ROBOTICS) 



WHAT TO BENCHMARK? 



WHAT TO BENCHMARK? 

Human likeness 



WHAT TO BENCHMARK? 

SENSORS 

METRICS 

EXPERIMENTAL PROTOCOLS & DEVICES 



FUNCTIONAL BENCHMARKS 

WEARABLE 
ROBOTS 

CLINICAL 
ASSESSMENT 

HUMANOIDS 







CAUSE 



CAUSE 





COMMUNITY-BASED APPROACH 

COLLABORATIVE EFFORTS:
•  2013 IEEE-RAS International Conference on 

Humanoid Robots, Workshop on “Benchmarking of 
human-like robotic locomotion”

•  2013 Mailing list on “benchmarking bipedal 
locomotion” 
https://listas.csic.es/wws/info/benchmarking_list )

•  2014 Web-based survey. Still accessible at: 
http://goo.gl/forms/FL9Pd1xXgb 

•  2014 International workshop on wearable robots 
(www.werob2014.org), Session on “Benchmarking, 
Regulatory and funding aspects of WRs”

•  2014 IEEE-RAS International Conference on 
Humanoid Robots, Workshop on “Benchmarking of 
bipedal locomotion”

•  2015 European Robotics Forum, Session on 
“Replicable robotics research and benchmarking”



TAXONOMY FOR MOTOR SKILLS 

*Torricelli et al. Benchmarking bipedal 
locomotion in humanoids, wearable robots 
and humans: a unified scheme. IEEE 
Robotics and Automation Magazine (in 
press) 

Unified Scheme*: 



BENCHMARKS 

*Torricelli et al. Benchmarking bipedal 
locomotion in humanoids, wearable robots 
and humans: a unified scheme. IEEE 
Robotics and Automation Magazine (in 
press) 

Unified Scheme*: 



PROTOCOL DEFINITIONS 

*Torricelli et al. Benchmarking bipedal 
locomotion in humanoids, wearable robots 
and humans: a unified scheme. IEEE 
Robotics and Automation Magazine (in 
press) 

Unified Scheme*: 

 
 

MOTOR SKILL EXPERIMENTAL PROTOCOL 
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Name of the skill:………………………….. 
 

Function: 
���Body posture 
���Body transport 
 

Environment: 
���Stationary 
���In motion 
 

Intertrial variability: 
���Yes 
���No 
 

Type of support: 
���Static surface 
���Moving surface 
���Irregular terrain (rigid, soft, obstacles) 
���Other ……………………… 
 

Type of disturbance: 
���Unperturbed 
���Slopes 
���Tilting surface 
���Translating surface 
���Added weight 
���External pushes 
���Other ……………………… 
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1) Set the measurement system according to the required 
outcome variables (see section MEASURES) 

2) Set magnitude and frequency of disturbance 
3) Put bipedal system in initial position 
4) Start recording 
5) Start trial 
6) Stop trial 
7) Stop recording 
8) Store recorded data 
9) Repeat steps 3 to 8 until the defined number of trials 
10) Change the condition according to magnitude and 

frequency ranges 
11) Repeat from steps 2 to 11 until the biped/person falls 
12) Analyze the data according to the selected benchmarks 

(see BENCHMARKS) 
13) Present the data according to the method (see RESULTS) 
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Outcome variables: 
 

���Duration of cycles, trials and experiment 
���Nº of cycles performed 
���Nº of trials performed 
���Joint angles (time course) 
���Ground reaction forces (time course) 
���CoP trajectory (time course) 
���CoM trajectory (time course) 
���Detection of falling events (time) 
���Applied disturbance (time course) 
���Other ……………………… 
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Direction of disturbance: 
���Sagittal plane 
���Frontal plane 
���Other ……………………… 
 

Location of disturbance: 
���Foot (exact location:………………………) 
���Leg (exact location:………………………) 
���Trunk (exact location:………………………) 
���Arms (exact location:………………………) 
���Other ……………………… 
 

Magnitude of disturbance: 
- Starting value: ……………………… 
- Incremental value:……………………. 

 

Frequency of disturbance: 
- Starting value (cycle/min): ………………… 
- Incremental value:……………………. 

 

Cycle waveform: 
���Impulsive 
���Continuous (specify:………………. ) 
 

Duration of the trial: 
��Number of cycles: …………… 
��Time: …………… 
��Distance: …………… 
 

Duration of the experiment: 
- Number of trials: …………… 

 

B
E
N
C
H
M
A
R
K
S 

PERFORMANCE: 
Stability 

 

��Intra-trial stability�
��Inter-trial stability 
��Gross body equilibrium 

Efficiency 
 

��Global energy consumpt. 
��Passivity 
��Reaction time 
 

HUMAN LIKENESS: 
Kinematics 

 

��Gross body motion 
��Joint motion 
��Intra-limb coordination 
��Inter-limb coordination 

Dynamics 
 

��Gross body kinetics 
��Joint kinetics 
��Dynamic similarity 
��Dynamicity 
��External compliance 
��Internal compliance 
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��Numerical 
 

 

 

��Graphical 
 

 

 

��Score 
 

 
 



CONCLUSION 

NEXT IN PROGRESS 

•  Defining experimental protocols 
•  Elaborating new metrics (benchmarks) 
•  Proposing easy-to-use sensors 



www.benchmarkinglocomotion.org 


