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Motivation

healthline.
om

•
emergen
y breaking in publi


transports

•
person pushed down

douglas
ountyhome
areassistan
e.
om

•
degradation of the physiologi
al


apa
ities due to ageing or disease.

•
et
.

EquiSim Proje
t: Digital platform for studying me
hanisms (me
hani
s,

biome
hani
s, sensory, 
ognitive, psy
hologi
al) involved in the human balan
e

preservation and re
overy.
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Strategies to maintain our balan
e

•
Balan
e-re
overy rea
tions

•
The strategies to maintain balan
e

◦
ankle strategy

◦
hip strategy

◦
stepping strategy
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related work

•
Regulation of the ankle strategy Maurer

et al., 2006; Mergner et al., 2003

•
Regulation of the hip strategy Atkeson

and Stephens, 2007; Park et al., 2004

•
Using a predi
tive 
ontroller

◦

hoose a
tions over a time horizon

Azevedo et al., 2002; Diedam et al.,

2008

◦

ontrols walking with optimized step

pla
ement Herdt et al, 2010

◦
applied to balan
e re
overy Aftab et

al, 2012

◦
applied to balan
e re
overy with

proposition of a fun
tion based on the use

of strategies Vallée et al, 2015
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Materials and methods

•
Safe 3d bipedal walking through linear MPC with 3d 
apturability Pajon et

al. 2019

◦
Is their proposed me
hanism relevant to use in balan
e re
overy?

•
Controller parameters for the young and elderly rea
tions Aftab et al, 2012,

Vallée et al, 2015
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Materials and methods

•
based on Newton-Euler equations of motion of the

whole human

px,y = cx,y − ζc̈x,y ∈ 
onv{si}

ζ =
cz − pz

c̈z + g
c Center of the Mass (CoM) position, p Center of the Pressure (CoP)

c̈ a

eleration of CoM, ζ nonlinear term,

x,y,z
are 
oordinates of 3D ve
tor

where

z
is a verti
al 
oordinate

and 
onv{si} is the 
onvex hull of the support foot i

PSfrag repla
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•
The variation of ζ 
an be reasonably bounded during stepping motions

ζ 6 ζ 6 ζ Brasseur 2015
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•
The variation of ζ 
an be reasonably bounded during stepping motions

ζ 6 ζ 6 ζ Brasseur 2015

•
so we only have to 
he
k that

{c̈x,y − ζc̈x,y, c̈x,y − ζc̈x,y} ∈ 
onv{si}

•
we impose that the verti
al motion of the CoM satis�es

ζ(c̈z + g) 6 cz − pz
6 ζ(c̈z + g)
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Prin
iple of operation

•
whi
h is equivalent to

lmin(ζc̈
x) 6 cx − px 6 lMAX(ζ c̈x)

PSfrag repla
ements

lmin lMAX

pmin pMAX

cx − px

BoS

x

•
Single step re
overy

◦
inputs: lean angle θ, average subje
t anthropometry, step timings

◦

omparison: maximum release angle vs verti
al motion
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Linear MPC s
heme

•
MPC obje
tive fun
tion formulation

minimize

M
∑

k=m

µ1d1(tk) + µ2d2(tk) + µ3d3(tk) + µ4d4(tk) (1)

subje
t to (3)− (9) at all tk ∈ [tm, tM ], (2)

µ1,µ2,...,µ4 are the weights

minimizing the jerk parameter δk for the pie
ewise polynomial solutions

d1 = ‖δk‖
2

The pie
ewise polynomial solutions

are of the form: c(t) = α′

k + β′

kτk +
γ′

k
2

τ2

k +
δ′
k
6

τ3

k

with τk = t − tk and 
onstant parameters α′

k , β
′

k, γ
′

k and δ′k .

minimizing the deviation:

d2 =
∥

∥ċx − ċxref
∥

∥

2
; d3 =

∥

∥

∥
ċy − ċ

y
ref

∥

∥

∥

2

ċ
x,y
ref

is the horizontal referen
e speed of CoM

keeping the CoP as 
lose as possible to the 
enter of the support foot i

d4 =

∥

∥

∥

∥

cx,y −
1

2
(ζ + ζ)c̈x,y − (sx,yi + σ

x,y
i )

∥

∥

∥

∥

2

σ
x,y
i

is the horizontal translation from the ankle position s
x,y
i

to the foot 
enter
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Linear MPC s
heme

•
Dynami
 feasibility:

The CoP must lie in the 
onvex hull of 
onta
t points

{cx,y − ζc̈
x,y

, c
x,y − ζc̈

x,y} ∈ s
x,y
i + S (3)

s
x,y
i

+ S is the 
onvex hull of the support foot i
The verti
al motion of the CoM satis�es

ζ(c̈z + g) ≤ c
z − p

z ≤ ζ(c̈z + g) (4)

with the hypothesis of no free falling

c̈
z + g ≥ 0 (5)

and maximum swing leg a

eleration

|f̈ | ≤ f̈max (6)

•
Kinemati
 feasibility:

The maximum rea
hable region of the hip Ai(c− si) ≤ bi (7)

with some �xed matrix Ai and ve
tor bi linked to support foot i

maximum rea
hable region of foot i
Ai+1(c(ti)− si+1) ≤ bi+1

Ai(c(ti+1)− si) ≤ bi
(8)

avoiding the foot overlay S
x,y ≤ s

x,y
i+1 − s

x,y
i ≤ S

x,y
(9)
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Results

one-step balan
e re
overy strategy

•
maximum release anlge is about 23

◦

•
optimal step duration of about 440ms

•
variation of the size (ζ − ζ) has

almost no e�e
t
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•
largely perturbed 
ondition:

◦
in
reasing the

(

ζ, ζ
)

interval leads to a more 
onstrained displa
ement of the CoP

◦
de
reasing it leads to a more 
onstrained verti
al dynami
s of the WBCoM
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Con
lusions

•
Relevan
e

◦
linear model predi
tive 
ontrol s
heme for bipedal walking and balan
e

re
overy

◦
non-
onstraint verti
al dynami
s of the WBCoM

•
Findings

•
Limitations
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◦
relatively small verti
al motion of the WBCoM using high dynami
s

◦
proposed approa
h provide similar results to those obtained with a 
lassi
al

LIPM

◦
results obtained mat
h quiet 
losely those observed in humans for both

slightly and largely perturbed situations (walking and extreme balan
e

re
overy)
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Con
lusions

•
Relevan
e
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ontrol s
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Findings

◦
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al motion of the WBCoM using high dynami
s

◦
proposed approa
h provide similar results to those obtained with a 
lassi
al

LIPM

◦
results obtained mat
h quiet 
losely those observed in humans for both

slightly and largely perturbed situations (walking and extreme balan
e

re
overy)

•
Limitations

◦
evaluating the method using di�erent external physi
al model and

multi-
onta
t problems not 
onsidered

◦
non-linear approa
h not 
overed
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