BENCHMARKING LOWER LIMB WEARABLE ROBOTS:
TOWARDS PRACTICAL AND EVIDENCE-BASED SOLUTIONS
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WHAT IS A BENCHMARK!

“A STANDARD OR POINT OF REFERENCE AGAINST WHICH
THINGS MAY BE COMPARED OR ASSESSED”’
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quantitatively and
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/ 3.To demonstrate that they can work
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4. To identify critical
issues and improve
the system
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WHAT TO BENCHMARK!?
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COMMUNITY-BASED APPROACH

COLLABORATIVE EFFORTS: FUNCTIONAL
2013 IEEE-RAS International Conference on
Humanoid Robots,Workshop on “Benchmarking of m "
human-like robotic locomotion” T
* 2013 Mailing list on “benchmarking bipedal

locomotion” HUMAN + WR
https://listas.csic.es/wws/info/benchmarking_list )

* 2014 Web-based survey. Still accessible at:
http://goo.gl/forms/FLIPd | xXgb

* 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”




ENVIRONMENT

TAXONOMY FOR MOTOR SKILLS

BODY POSTURE

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



BENCHMARKS

NAME DESCRIPTION BENCHMARK
Robustn§ss Ability to cope with known motor Time until falling
(Intra-trial L. .
E stability) skill without falling. Cycles until falling
= 5 Versanh'ty Ability to cope with changing Success rate across N
@) (Inter-trial L - . .
< 1 scenario without falling different trials
é = stability)

) — -
Gross body e - . Energy stability margin
equilibrium Ability to maintain upright posture (ESM [7])

% . Specific energetic cost of
= g Global energy Ability to transport body with low transport C,,
A &= | consumption energetic costs Specific mechanical cost of]

Q

E _ _ transport C_,

= Passivity Ability t(:im_lmmxze Joint torques Passive Gait Measure [8]

uring walking
CoM trajectory
(correlation, dynamic time
y!
warping [9])
Gross body | Motion of the whole body expressed Harmony [10]
motion by global variables Body sway (Frequency

1} Response Function, [12])

E Natural looking motion

< [13]

E Joint trajectory

E Single joint | Motion of the single joints or limbs (COHQI?I/I;:;S?[IZ?)HC time

motion taken separately Knee, ankle forefoot rocker
2 : _ — [16]
= Intra-hrr}b Ability to move multiple joints Kinematic synergies (REF)
E coordination coordinately
Inter-limb . . .
]
= coordination Ability to move symmetrically Ratio Index [14]
Gross body Forces exerted between the whole Grounq reaction f(_)rc&_es
L . (correlation, dynamic time
kinetics body and the environment .
= neties _ warping[9])
Smgle joint Force exerted among limbs Joint torques (corre?latlon,
kinetics dynamic time warping [9])
% Dynamic Ab111ty.0f hav1.ng' leg pattern Froud§ number )
< Sy dynamically similar to most (Dimensionless gait
similarity . ) .

5 locomoting animals. velocity) [17]

§ Dynamicity Ability to use fallmg state for body Dynamic Gait Measure [8]

A progression

External Ability to respond resiliently to Impulse Response
compliance external disturbances Function [12]

Internal o Active/net joint torque
compliance Ability to store and release energy (REF)

Reaction time

Ability to give a fast motor response
to the disturbance when it appears.

Time from disturbance and
initiation of motor action
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*Torricelli et al. Benchmarking bipedal
locomotion in humanoids, wearable robots
and humans: a unified scheme. |IEEE
Robotics and Automation Magazine (in
press)



PROTOCOL DEFINITIONS

MOTOR SKILL

EXPERIMENTAL PROTOCOL

Function:
O Body posture
O Body transport

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

- Number of trials: ...............

1P 4) Start recording
Environment: R 5) Start trial
O Stationary 8 6) Stop trial
O In motion E 7) Stop recording
Q Intertrial variability: D 8) Store recorded data
u nDer nal vanabriity: U 9) Repeat steps 3 to 8 until the defined number of trials
A Yes R 10) Change the condition according to magnitude and
L O No - frequency ranges
; Type of support: 11) Repeat from steps 2 to 1 l.until the biped/person falls
O Static surface 12) Analyze the data according to the selected benchmarks
A O Moving surface (see BENCHMARKS)
T & N 13) Present the data according to the method (see RESULTS)
I O Trregular terrain (rigid, soft, obstacles)
AV4 [0 Other ....oovviiiiiiii, Outcome variables:
ol T e of disturbance: . . .
H i O Duration of cycles, trials and experiment
O UlnpeITur © E O Ne° of cycles performed
S‘opl)es O Ne of trials performed
O Tilting surface A . .
O It ; S O Joint angles (time course)
O Ir;;lsdatmg ;ur ace U 0 Ground reaction forces (time course)
O E e \;/01ght R [0 CoP trajectory (time course)
O x}t]erna pushes E O CoM trajectory (time course)
o O_t er ‘f'd b - S O Detection of falling events (time)
w O Applied disturbance (time course)
O Sagittal plane O Other
O Frontal plane pF—"———= PERFORMANCE
O Other ..o Stabilit Efficienc
Location of disturbanc'e: O Intra-trial stability O Global energy consumpt.
O Foot (exact locaflon: ........................... B O Inter-trial stability O Passivity
O Leg (exact location:.. E [ Gross body equilibrium O Reaction time
O Trunk (exact location N
Q [0 Arms (exact location:......................ee... @ HUMAN LIKENESS:
U O Other ..o H . . : .
A i ) M Kinematics Dynamics
N MaSrt“tLtl'de of (11|st-urbance: A O Gross body motion 0 Gross body kinetics
T - Staring vatue: S R [ Joint motion [J Joint kinetics
1 - Incremental value:......................... K X o T
T ) O Intra-limb coordination [0 Dynamic similarity
A Frequency of disturbance: S O Inter-limb coordination Dynamicity
- Starting value (cycle/min): ..................e [ External compliance
T - Incremental value:................c...oeeie P
I [ Internal compliance
y Cycle waveform:
E U Impulsive [J Numerical [J Graphical [J Score
0 Continuous (specify:................... ) =
Duration of the trial: E T :, :, 32:; v PERFORMANCE g
O Number of cycles: ............... S 2 [s80 |23 | 218 |_D_| ]
O Time: ............... U £l EXT) X2 EE) o~ ?_D_1|0 c
§
[0 Distance: L 4 [ 296245 [ 130 g
T slope HUMAN LIKENESS 2
Duration of the experiment: S
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*Torricelli et al. Benchmarking bipedal
locomotion in humanoids, wearable robots
and humans: a unified scheme. |IEEE
Robotics and Automation Magazine (in
press)



CONCLUSION

NEXT IN PROGRESS

INTERACTION FUNCTIONAL

Physjg?logy

Satisfaction
m PERFORMANCE
Efficiency SRNNNNUEE

< EEE >
Y Cognitive LIRS  giomeckanics

“HOWH

HUMAN + WR

*  Defining experimental protocols %\«:’
* Elaborating new metrics (benchmarks) 59\‘*6%055\
* Proposing easy-to-use sensors '\ \,Pg’ .




www.benchmarkinglocomotion.org

Communities  Aunifiedscheme  Benchmarks  Collaborating with us

Wearable robots

Read more

Towards international consensus

In the R&D community there is a growing awareness of the importance of benchmarking. Benchmarks essential to evaluate the Technology Readiness




