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Motion Optimization for First Aid Chest Compression
Consistent with Body Parameter

Shun KAYASHIMA∗1 and Masafumi OKADA∗1

∗1 Graduate School of Science and Engineering, Tokyo TECH
2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan

The chest compression is one of the most important actions for Cardio Pulmonary
Resuscitation (CPR). Because many people will be survived by the CPR in the early-stage of
cardio-respiratory arrest, it is expected the chest compression become widely known through
training and workshops. So far, we have proposed a motion optimization method for the chest
compression based on kinematics and dynamics of a human model, and it was shown that the
optimized motion coincided to the expert one. In this paper, we apply the conventional method
to the physical size oriented optimization for trainees of elementary students. The effective use
of inertia force of his/her body will generate the appropriate chest compression.
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Fig. 1 Link model of human chest compression
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i (i= 1,2,3) θi[rad]
�i[m], τi[Nm]

Kb

(9) (10)

Kb 8.73 103N/m
Fy[k]

Fy[k] =−Kb(yb− �1 sinθ1[k]− �2 sinθ2[k]− �3 sinθ3[k])
(1)

yb
k θ [k]

τττ[k]

θθθ [k] =
[

θ1[k] θ2[k] θ3[k]
]T

(2)

τττ[k] =
[

τ1[k] τ2[k] τ3[k]
]T

(3)

A(θθθ [k])θ̈θθ [k] = B(θθθ [k], θ̇θθ [k])+ τττ [k] (4)

A(θθθ [k]) B(θθθ [k], θ̇θθ [k])

Fy[k]
τττ [k]

k

3.

3·1
θθθ

uuu

Θ =
[

θθθ [1] θθθ [2] · · · θθθ [N]
]
(θθθ [N+1] = θθθ [1]) (5)

TTT =
[

τττ[1] τττ [2] · · · τττ[N]
]
(τττ [N+1] = τττ[1]) (6)

θθθ [k]
xxxh[k] =

[
xh[k] yh[k]

]T

xxxh[k] = hhh(θθθ [k]) =

[
h1(θθθ [k])
h2(θθθ [k])

]
(7)

Xh =
[
xxxh[1] xxxh[2] · · · xxxh[N]

]
(xxxh[N+1] = xxxh[1]) (8)

(8)

Θ
3·2

2
J1

J1 =
1
N

N

∑
k=1

‖W1τττ[k]‖ (9)

Θ x0
W1

x0

(
)
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(x0)
( )

( ) ( )
(9) J1 θθθ [k] x0 ∇Jθθθ [k]

1 ∇Jx01

∇Jθθθ [k]
1 =

∂J1
∂θθθ [k]

+
∂J1

∂ θ̇θθ [k]
∂ θ̇θθ [k]
∂θθθ [k]

+
∂J1

∂ θ̈θθ [k]
∂ θ̈θθ [k]
∂θθθ [k]

(10)

∇Jx01 =
∂J1
∂Θ

∂Θ
∂x0

(11)

(10) Θ̇ Θ̈ Θ
Θ̇ Θ̈ Θ

G1
G1(s) =

sω
s+ω

(12)

ω
x ẋ

ẋ� G1(s)x (13)

G1

ggg=
[
g1 g2 · · · gN

]
(14)

Fd =

⎡
⎢⎢⎢⎢⎣
g1 g2 · · · gN
gN g1 · · · gN−1
...
...

...
g2 g3 · · · g1

⎤
⎥⎥⎥⎥⎦ (15)

x
(13) [

ẋ1 · · · ẋN
]
�
[
x1 · · · xN

]
F (16)

x

x̄

(12)

G2

G2(s) =
ω
s+ω

(17)

(15) Fl
R

R=

⎡
⎢⎢⎢⎢⎣
0 · · · 0 0 1
0 · · · 0 1 0
...

...
1 0 · · · 0 0

⎤
⎥⎥⎥⎥⎦ (18)

Θ̇ Θ̈ Θ

Θ̇ = ΘFdRFlR= ΘF1 (19)

Θ̈ =−ΘFdRFdR= ΘF2 (20)

(19) (20) (9)
(10) Θ̇ Θ̈ Θ

3·3

2

δyr[k] 50mm

k1 k2

δyr[k] =

{
0 (k = k1)
0.05 (k = k2)

(21)

δxr[k]

δxr[k] = 0 (22)

k1,k2
δyr

x0
xxx0 =

[
x0 y0

]T
k = k1,k2

yh[k] = y0+δyr[k] (23)

xh[k] = x0 (24)

k = k1,k2
0

ẋxxh[k] = 0(k = k1,k2) (25)
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p[k]

p[k]> 0 (26)

J2 =
N

∑
k=1
s(p[k])p[k] (27)

s(p[k]) =
1

1+ eap[k]
(28)

p[k] p[k]
s(p[k])

p[k] 1
0 a

J2 θθθ [k] x0

∇Jθθθ [k]
2 =

∂J2
∂θθθ [k]

+
∂J2

∂ θ̇θθ [k]
∂ θ̇θθ [k]
∂θθθ [k]

+
∂J2

∂ θ̈θθ [k]
∂ θ̈θθ [k]
∂θθθ [k]

(29)

∇Jx02 =
∂J2
∂Θ

∂Θ
∂x0

(30)

(10) (11) (29) (30)
Δθθθ [k] Δx0

Δθθθ [k] =−∇Jθθθ [k]
1 +∇Jθθθ [k]

2 (31)

Δx0 =−∇Jx01 +∇Jx02 (32)

(23) (24) (25)
(9) (27) Θ x0

Θ ← Θ+
[

Δθθθ [1] Δθθθ [2] · · · Δθθθ [N]
]

δ (33)

x0← x0+Δx0δ (34)

(31) (32)
Δθθθ [k],Δx0

3·5
Δθθθ [k],Δx0 (23) (24) (25)

(8) k1,k2
(23)

∂h2
∂θθθ [k]

Δθθθ [k] = 0(k = k1,k2) (35)

C1
[

Δx0 Δθθθ [1]T · · · Δθθθ [N]T
]T

= 0 (36)

C1 ∈ R2×3N+1 1
3k1 − 1 3k1 + 1 ∂h2/∂θθθ [k1] 2

3k2−1 3k2+1 ∂h2/∂θθθ [k2]
0 (24)

x0+Δx0 = h1(θθθ [k]+Δθθθ [k]) (37)

Δx0 =
∂h1

∂θθθ [k]
Δθθθ [k] (38)

C2
[

Δx0 ΔθθθT [1] · · · ΔθθθT [N]
]T

= 0 (39)

C2 =

⎡
⎢⎢⎢⎢⎢⎣

I − ∂h1
∂θθθ [1] 0 · · · 0

I 0 − ∂h1
∂θθθ [2] · · · 0

...
...

I 0 · · · 0 − ∂h1
∂θθθ [N]

⎤
⎥⎥⎥⎥⎥⎦ (40)

I
(25) (19) F
j fff j ẋxxh

ẋxxh[k] =
∂hhh

∂θθθ [k]
dθθθ [k]
dt

(41)

(25)

ẋxxh[k]+Δẋxxh[k] =
∂hhh

∂θθθ [k]

(
dθθθ [k]
dt

+
dΔθθθ [k]
dt

)
(42)

=
∂hhh

∂θθθ [k]
(Θ fff k+ΔΘ fff k) = 0 (43)

(44)

d/dt fff j
i fi, j (43)

C3
[

Δx0 ΔθθθT [1] · · · ΔθθθT [N]
]T

=

[
− ∂hhh

∂θθθ [k1]
Θ fff k1

− ∂hhh
∂θθθ [k2]

Θ fff k2

]
(45)

C3 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 ∂hhh
∂θθθ [k1]

⎡
⎢⎣
f1,k1 0 0 · · · fN,k1 0 0
0 f1,k1 0 · · · 0 fN,k1 0
0 0 f1,k1 · · · 0 0 fN,k1

⎤
⎥⎦

0 ∂hhh
∂θθθ [k2]

⎡
⎢⎣
f1,k2 0 0 · · · fN,k2 0 0
0 f1,k2 0 · · · 0 fN,k2 0
0 0 f1,k2 · · · 0 0 fN,k2

⎤
⎥⎦

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(46)
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(36) (39) (45)

C =

⎡
⎢⎢⎢⎢⎣
C1 0
C2 0

C3

[
− ∂hhh

∂θθθ [k1]
Θ fff k1

− ∂hhh
∂θθθ [k2]

Θ fff k2

]
⎤
⎥⎥⎥⎥⎦ (47)

C C

C
[

Δx̂0 Δθ̂θθ [1] · · · Δθ̂θθ [N] 1
]T

= 0 (48)

(33) (34) Δx0,ΔΘ

[
Δx0 ΔθθθT [1] · · · ΔθθθT [N] α

]T
← (I−C#C)

[
Δx0 Δθθθ [1]T · · · Δθθθ [N]T 1

]T
(49)

C Δθ [k],Δx0

Δx0,Δθ α[
Δx̂0 Δθ̂θθT [1] · · · Δθ̂θθT [N] 1

]T
=
1
α

[
Δx0 Δθθθ [1] · · · Δθθθ [N] α

]T
(50)

(23) (24) (25)
J1

Δx̂0Δθ̂θθ [k] (23) (24)
k= k1,k2

Δθ̄θθ [k] =−
(

∂hhh
∂θθθ [[[kkk]]]

)#
(xxx0+δxxxr[k]−hhh(θθθ [k])) (51)

Δθ̄θθ [k] =−
(

∂h1
∂θθθ [[[kkk]]]

)#
(x0−h1(θθθ [k])) (52)

(33)
(34) (50) (51) (52) θθθ [k],Δx0

Θ ← Θ+
[

Δθ̂θθ [1] Δθ̂θθ [2] · · · Δθ̂θθ [N]
]

δ

+
[

Δθ̄θθ [1] Δθ̄θθ [2] · · · Δθ̄θθ [N]
]

δ (53)

x0← x0+Δx̂0δ (54)
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Fig. 4 Relation of minimum ground force and weight
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Fig. 5 Optimized motion with constraint of ground force
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