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Abstract

The chest compression is one of the most important actions for first-aid cardio-pulmonary resuscitation (CPR).
Since it requires large torque/force to be generated, the performers have to take an energy saving position and
motion until advanced life support providers take over. In the basic life-saving certification, an expert demonstrates
the chest compression and trainees behave like him. However, since the energy saving motion strictly depends on
the body weight and height of the performers, an appropriate indication and instruction for the trainees will be
necessary. In this paper, we optimize the chest compression from kinematic, dynamic and temporal point of view.
By using Pseudo-differential and zero-phase filter, the angular velocity and acceleration are derived from a motion
capture data, and generative force is calculated by inverse dynamic computation. Based on an evaluation function
and constraints, the chest compression is optimized kinematically, dynamically and temporally. Moreover, for
the chest compression of a child with light weight, a motion aid is optimized. The effectiveness of the proposed
method is evaluated based on a physical load of the performers by measuring heart rate.

Key words : Chest compression, Motion optimization, Pseudo-differential and zero-phase filter, Motion aid

1. Introduction

The chest compression as shown in Fig.1 is one of the most important actions for first-aid cardio-pulmonary re-
suscitation (CPR). Because victims in cardio-respiratory arrest will be saved by being provided compressions as soon
as possible until advanced life support providers take over, it is expected that the chest compressions is widely known
in public. American Heart Association (AHA) established a guideline of the chest compressions (Field, Hazinski and

(a) Expert’s motion (b) Larger person (c) Smaller person

Fig. 1 First-aid chest compression Fig.2 The difference of the appropriate chest compression

Sayre, 2010) with a qualitative representation which is “Provide chest compressions at least 100/min to adequate depth
(at least 5cm)”. In the training session of CPR, an expert demonstrates the chest compression, and trainees behave like
him. However, since the chest compression requires very large force and torque to be generated, an energy saving motion
is necessary to continue it long time. Because the appropriateness of this motion strictly depends on the body length and
weight of the performers as shown in Fig.2, it will be required to show a suitable motion to the trainees based on their
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physical body size. The purpose of this research is to obtain an optimal chest compression that minimizes the joint torques
of the performer considering his body length and weight.

Many motion optimization methods have been proposed so far, For example, Hollerbach (Hollerbach and Suh, 1987)
minimized manipulator’s torques using kinematic redundancy. Because chest compression is a dynamic motion, dynamic
optimization is required. Wang (Wang, Timoszyk and Bobrow, 2001), Kim (Kim and Park, 2008) and Kim (Kim, 2011)
optimized the motion data of a manipulator from dynamic point of view. The motion is represented by a B-spline curve,
and parameters are optimized so that the payload of the manipulator is maximized. Khoury (Khoury, Lamiraux and Taix
2013) proposed humanoid motion planning based on an evaluation function and constraints. The motion is represented
by a polynomial. However, the motion data of the chest compression is not limited to B-spline curve or polynomial,
thus another methodology that handles arbitrary curves will be required. Wang (Wang, Hammer, Delp and Koltun, 2012)
generates human natural walking considering the optimization of metabolic energy based on human dynamics. This
method is specialized only for walking.

On the chest compressions, some researches have been reported. Boyle (Boyle, Wilson, Connelly, McGuigan, Wilson
and Whitbourn, 2002) and Abellaa (Abellaa, Edelsonb, Kim, Retzerc, Myklebustd, Barryc, O’Hearn, Vanden Hoek and
Beckera, 2007) developed feedback equipment to instruct an appropriate timing and force for the performers. In particular,
we developed an enhanced motion to instruct the large force to be generated (Okada and Kayashima, 2013). Our algorithm
utilized a skilled chest compression, however, the appropriate motion has to be provided depending on the body parameters
of the performers.

In this paper, we propose a motion optimization method for the chest compression. Since a human model of the chest
compression configures a closed kinematic chain, it contains kinematic redundancy. Since the constraint of the motion is
specified only by a compressing time, i.e. the trajectory of the motion is not specified, it contains dynamic redundancy.
Since the appropriate compressing time depends on the body parameters of the performer, it contains temporal redundancy.
These three redundancies are optimized based on a gradient method using an evaluate function. Moreover, a helpful
motion aid for a light weight performer is also optimized. Finally, it is confirmed that the physical load of the performer
is reduced by using the motion aid measuring heart rate during the chest compressions.

2. Motion optimization for arbitrary curve
2.1. Human link model
The human providing the chest compression is molded by Fig.3. Link 1, 2, 3 represent the thigh, trunk, arm whose

Joint@

Link3

Fig. 3 Link model of human chest compression and its parameter definition

lengths are €1, {>, {3. Joint 1, 2, 3 represent the knee, hip, shoulder joint, respectively. Joint angles are defined by 6, 6, and
65 in absolute coordinates, joint torques are defined by 7y, 7, and 73. The position of the hand is defined by x;, = (x3,, yn)-
The victim is modeled by a spring and damper, and its height is same as y;, with the assumption that the performer’s hand
is fixed on the chest. The ground force on the knee joint is defined by F'; and the reaction force on the hand is represented
by Fy and F,. F, is obtained by;

Fy = k(yno = yn) = chn (1

where k is a spring constant, ¢ is a viscos coefficient and y is a natural height of the chest. F, is a friction force between
the hand and chest. x( represents the distance between the performer and victim (x;, = xp will be a constraint of this
model).
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Based on these parameters, the dynamic equation of the human chest compression is obtained by;

M(0)8 + C(0,0) + G@) = K[ ; } 2)

02[91 02 93 ]T, T=[T1 T2 T3 ]T (3)

where M, C and G represent inertia matrix, centrifugal and Coriolis term, and gravity term, respectively. K defines the
distribution of torques and force to joint actions.

2.2. Problem formulation
The purpose of this paper is to obtain the time sequence data of the joint angle and torque;

®=[01 6 - 01\/], 9i=[91i i 05 ]T “)
T=[7 7 « ] w=[t w ]T o)

that minimize the objective function J;

N
T =3, (Wl + lweFll) (6)
i=1
with the constraints:

xpi = €1c0801; + € cos by + {3c08603 = xp (7)
ng>0, Fy,'>0 (8)

Moreover, to realize an appropriate compression

Ynl = Yno )
Y = Yo — Scm (10)
yhl =9/m =0 (11)

are satisfied, where n represents a specified time (compressing time), and yy, is defined by:
Ypi = {1810 01; + 5 8in Oy; + €3 sin O; (12)

Because the hand of the performer is fixed to the chest of the victim by a friction, the smaller F is required in Eq. (6) for
small internal force. W, is a constant diagonal matrix that has small value corresponding to the hip joint (the human will
generate large torque in hip joint). w, is a constant number, We remark that

Ovi1 =601, Tva=T (13)

are satisfied because the chest compression is a cyclic motion. The design parameters for the optimization are 6;, y;
(i=1,2,---,N) and xp.

2.3. Optimization procedure

2.3.1. Kinematic and dynamic optimization Since the kinematic constraint is given by Eq. (7), that is the hand
position in x coordinate, the posture of the performer has kinematic redundancy as shown in Fig.4. Moreover, the change
of xg yields the change of posture. Thus, the optimization contains the redundancy optimization of kinematics. Since

(a) Initial posture (b) Change of joint angles (c) Change of x¢

Fig. 4 Kinematic redundancy of the chest compression

Fig.4(a) configures a four-bar linkage, the initial posture has kinematic redundancy as shown in Fig.4(b). Moreover,
because xp is changeable, it yields another posture as shown in Fig.4(c).
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Fig. 5 Dynamical redundancy of the chest compression

E

On the other hand, the motion is restricted by Eqgs. (9), (10) and (11) which are compression depth of initial and
compressing time while the path to these postures is not specified. Thus, the optimization also contains the redundancy
optimization of dynamic motion as shown in Fig.5. Even though the same initial posture, there are some paths that satisfy
the constraints.

2.3.2. Temporal optimization In Eq. (10), yu, is specified at specified time n. For the effective use of inertia forces,
n will depend on the physical parameters on the performer (body height and weight). Thus, in the optimization procedure,
n is optimized as shown in Fig.6 so that J is minimized, which is the optimization of temporal redundancy.

Yno e -—--—--—---------------- 0
~ Optimized trajectory f
NN 77
= RN compressing time .~ +”
) AN . ~ . is changed L7 )/ 5cm
N AN //
g - N /
Initial trajectory - /

Data number

Fig. 6 Temporal redundancy of compressing time

3. Optimization method
3.1. Capturing a skilled chest compression

To obtain the initial value of ® in Eq. (4), the skilled chest compression is motion captured. The performer is an
emergency life guard from Tokyo Disaster Prediction and Emergency Medical Service Association. His weight is 69.3kg
and height is 172cm.

Seven markers are set on the performer’s knee, hip, shoulder, back, head, chest and hand as shown in Fig. 7. Figure 8

USRI R

Fig. 7 Marker position Fig. 8 Skilled chest compression (motion capture data)

shows the captured motion. The motion is small but he generates about 420N maximum from his hand which is measured
by a force sensor on the floor.

3.2. Inverse dynamic analysis

Inverse dynamic analysis is performed to obtain the torque data in Eq. (5). It requires the information of ® and
©. In this paper, we calculate ® and ©® by using pseudo-differential and zero-phase filter. Consider transfer functions of
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low-pass filter G° and pseudo-differential G! as:
sF

o, F Loy =
G(S)_S+F’ G(S)_S+F (4

Their impulse responses in discrete time domain are defined by;
g"={ 0 @ - LWw-11) ). ¢ ={gO gT) - g(W-DD) | (15)

where F' means a crossover frequency of the low-pass filter, T is a sampling time. Pseudo-differential and zero-phase filter
gives O as shown in Fig. 9. Step 1 means filtering of ® by G' and @ is obtained. Step 2 represents a reversing of the data

Step 1
—_—

@:{ 0, 0, ... Ox} sF @:{ 51 62 5\/} Step 4 @:{ 51 52 éN}
stF — Q ' | TQ
Step 2 (:):{ a\r aN—l 613 F (:):{ éN ‘01\;1 61}
— st+F
S
Step 3

Fig. 9 Pseudo-differential and zero-phase filter

sequence, and gives 0. In Step 3, Q is filtered by G° to cancel the phase-lag, and @ is obtained. By reversing the data
sequence of ® once again, we obtain ® in Step 4. By replacing G° in Step 3 to —G', @ is obtained by the same way.

Because the chest compression is a cyclic motion, pseudo-differential and zero-phase filtering is represented by the
following calculations.

® =0F', F'=G'RGR (16)
® =0OF?, F?=-G'RG'R (17)
g*(0) gWN=-1DT) - g« 0 0 1
. gIN-INT g"N=-DT) --- 440) 0 -~ 10
G" = ) ) : s R=| (18)
g () g"(0) - gk@r) I -0 0

Multiplication by G¥ means a convolution with an impulse response, and R means reversing of the data sequence. The
key point of this method is that the angular velocity and acceleration are simply represented by a multiplication of angular
data and constant matrix, which enables simple calculation of 00/90 and 90/90 in Sect. 3.4.

By using ©, © and O, 7 and F, is obtained from Eq. (2). Because the link model of human chest compression
configures closed kinematic loop, i.e. it is an over actuated system, 7 and F, is calculated by the following equations.

[ ;x }: wl (KW’I)# {M(®)®+C(®, 0) +G(®)} (19)
W, 0

W:[ 0 o } (20)

Fo=[ Fa Fo - Fuw | 1)

A* is a pseudo-inverse of A defined by (ATA)'AT | thus Eq. (19) minimizes Eq. (6).

3.3. Inverse kinematic analysis

Because of the closed kinematic constraint of human link model, Degree-of-freedom of the system is one. Thus, 6,
and 65 are represented by the function of 8;. By defining «, 3, y, ¢, {4 and {5 as shown in Fig.10, the following equations
are satisfied.

02=(Y+ﬂ—71'+91, 93:7—7r+92 (22)

= N2 +ol b5 = 6 +6 - 2tscosl - 0) (23)
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(xh, Yn)

Fig. 10 Parameter definition for inverse kinematics

G+ 022 G+ 0202 C+ 02—
1 TS T Y 12T % 7 12T %37 % -1 Yn
a = [ . B = P y = = ) 7 = tg i 24
cos ( 20,5 J €08 ( 20,05 J cos ( 20,05 ) ¢ = tan Xp @9

3.4. Gradient calculation
For the optimization of the objective function in Eq. (6), a gradient method is utilized. The gradient of J with respect
to the design parameters (61;, yn; and xp) are obtained by:

Vo,J = 6_] N 6../ 00y . 6./ 00y . 3 (6./ 00y . 6../ 00k; . 6./ 0@[) 25)
Y 00u 80,001 00y 00 (5\ 00k 001 OOy 001 Oy OO
V,,J = i(a] 00 . 0../ 00k; . 6./ 0@[) 26)
! k=2 00 ayhi 00y Bym 00y; ayhi
V. = ﬁ{ 3 ((” 00 , 0J 004 | 01 aé’”’)} @7)
o1 U\ 00k Oxo 96 Oxo 00y Oxo

00x/00, (k = 2,3) is obtained from Eq. (22). 00,/00, and 80,/90, are obtined from Eq. (16) and (17). 90,/90; and

00 /36, (k = 2,3) are obtained by;
00, a 96y, 96 06y 3 96y 96
00, 00,00, 00, 06 96,

Eq. (26) utilizes Eq. (12). Eq. (27) utilizes Egs. (7), (16), (17) and (22). Thus V4, J, V,,.J and V. J are analytically
calculated.

(28)

3.5. Satisfaction of constraints in inequality
This optimization procedure includes the constraints in Eq. (8) which are represented by inequalities. To satisfy
these constraints, J,. is set as;

N
Je = L (o EpFoi+ o (FuFy) (29)
1
7= T ep@h) o

and Vg, J., V,,.J. and V, J. are calculated. Because Eq. (30) represents sigmoid function with an appropriate constant a,
VJ. has a positive value only when F =~ 0.

3.6. Updating the design parameters
Based on the obtained gradients, the design parameters 6;; and xy are updated by;

01; «— O + 5 (wVg,J + wVg,J.) (31
Xo « x0 + 6 (wVy,J +w.Vy J.) (32)

where w and w, are weighting parameters, and ¢ is a small constant. On the other hand, Eq. (11) is a constraint of velocity
Y, and the time sequence data of updated y, has to satisfy this constraint. Same as Eq. (16), y;, is defined as;

Yy = Y, F! (33)
Y, =[ Yl Y2 o Y ] (34)
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and y;, will be updated by:

Yy« Yy +AY), = (Y, + AY)F! 35)

AYy = [ Ay Ay o Ay | Ay = (09,0 + weV,, T (36)
By considering the elemnts of Y;,, Eq. (11) is rewritten by:

[ Ynt Y ] = AYhF%_ﬂ =0 (37)
where F|  is defined by;

Fla=[ A (38)
and f} is an i-th column vector of F! as:

Flz[fll o f}{,] (39)
From these considerations, AY}, is projected onto the constraints space, which means y, is updated by the following
equations;

Y, <—Yh+5AYAh (40)

N AREN
AY, = AY, {1— Fi, (Fl) } (41)

where [ is an identity. Using Eqs. (31), (32) and (40), iteration is executed.

4. Motion optimization of chest compression
4.1. Motion capture data and optimized motion

Based on the proposed method in the previous section, the human chest compression is optimized. The lengths of
each link are:

1 =0423, (,=0429, (3=0412 (42)

Since the motion is captured in each Smsec (7T = 0.005) and motion cycle is 0.6sec, number of data N = 120. The expert
motion in Fig.8 is optimized and the result is shown in Fig.11. The black line represents the captured skilled motion

Motion capture data
e Optimized motion

adddd

Fig. 11 Skilled motion and optimized motion

(same as Fig.8) and the red line represents the optimized motion. These motions are almost same, which means the
skilled motion performed by the emergency life guard has been already optimized. A beginner’s motion is also captured
and optimized. The comparison of the body characteristic between the emergency life guard and the beginner is shown
in Fig.12. The black line shows the emergency life guard and the red line shows the beginner. The beginner has a longer
trunk and shorter arm with 60.0kg weight. Figure 13 shows the captured motion (black line) and optimized motion (red
line), and Fig.14 shows time sequence data of 7; (knee joint), 7, (hip joint) and 73 (shoulder joint). The black dashed
line shows an original torque which is calculated by inverse dynamic analysis based on the captured data. The red solid
line shows the optimized torque. It is the first time for him to perform the chest compression. Even though he is received
guidance from the emergency life guard in advance, his knee position i.e. xj is not appropriate. He takes a droopy posture
and large torque is required. On the other hand, the optimization yields appropriate xy, kinematic posture and dynamic
motion, and the generative torque changes much smaller. Moreover, in the original motion, because the compression of
the chest is not released, in other word, the constraint in Eq. (9) is not satisfied, the beginner’s chest compression in not
appropriate (it is cleared from the motion capture data). By the optimization, the chest compression is modified.

On the other hand, the body weight is an important element for the appropriateness of the chest compression. Figure
15 shows the difference of the optimized motion for a human with 60kg (red line) and 42kg (blue line) weight. The body
heights of these persons are same. This results show that the difference of the body weight changes the appropriate xo,
and the distance between the position of the knee and the victim has to be appropriately instructed in the training session.
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Beginner
60.0kg

Motion capture data (beginner)
Optimized motion

7, [Nm]

73:- == briginal éorque
3— bptimizea torque . . . . . ! g ! ! !
. . . 0 ) 0.5
Time [sec] 0.3 0 Time [sec] 0.5 Time [sec]

(a) knee joint torque (b) hip joint torque (c) shoulder joint torque

Fig. 14 Torque variety of beginners motion (captured data and optimized data)

4.2. Temporal optimization

The importance of the optimization of temporal redundancy is discussed in Sect. 2.3.2. However, the change of n as
shown in Fig.6 causes the change of 6y; (i = 1,2, --- N). Figure 16(a) shows an example for modification of n. When n is
changed, all of y; are changed based on the optimization procedure. And it causes the change of 6;;. Because N is a large
number, there are so many design parameters in the proposed method. The larger change of the design parameter takes
the longer time for convergence. Moreover, because 7 is an integer, the compression time takes discrete. In this paper, the
temporal optimization is executed as shown in Fig,16(b). The sampling time 7 is changed to 7'} for the data number from
1 ton, and T, from n + 1 to N. The design parameter is 7 for the temporal optimization and 77 is obtained by:

_ TN — Tll’l
27 N-n
By this method, the value of 6y; is not changed.

(43)

The change of the sampling time requires the modification of the optimization procedure. 7| does not cause the
change of 6y; but 0y; and 0y;. Equations (16) and (17) are modified as follows.

® =0F', F'=G'RGR 44)
® =0F>, F?>=-G'RG'R 45)
Ak Ak k
gku I?uv 9/12
N g Jony 0 9
Gh=| 7 M 2 k=01 (46)
k Ak Ak
In2 Ivi T s

where @f; is an impulse response of Eq. (14) defined by;

T, T
k k k k k k
91 = { Iun 912 7 JiN-nar 1IN 92N} 47)
T

60kg

—_— 42kg
Fig. 15 Optimized chest compressions for 60kg (red line) and 42kg (blue line) weight
[DOI: 10.1299/mej.15-00155] © 2016 The Japan Society of Mechanical Engineers




Okada and Kayashima, Mechanical Engineering Journal, Vol.3, No.3 (2016)

Da£a nu‘mbe‘r
(a) Change of 0; with respect to chage of n

Yo ¢

!| 5em

Yn

N

In|t|a| tra]ectory‘ e

Data number

(b) Change of the sampling time

Fig. 16 Example of temporal optimization

T

~k Ak Ak k ~k ~k
9, = {921 92 7 YoaN-n 92 N-ns1 gZN} (48)
T,
’Ivl ’lvl
k ~k ~k ~k ~k ~k
Gn-1 = {gN 11 9In-12 In-13 9N-14 IN-1 N-n+3  IN-1N-n+s 7 YN N} (49)
T,
T, T
k k k k k k k
gy = {gNl Ine 9Nz 7 INN-ns2 9N N-n+3 gNN} (50)
T
where T, T5 represent sampling time on each data.
The gradient of J with respect to 7 is obtained by;
aJ 00 6] A0y;
Vo J = Z( = —“) (51)
601, 6T1 601,' 6T1
and T is updated by;
(52)

Tl «— T1 + 6(11)’1‘l V'['l J)

where wr, is a weighting parameter. Here we remark that because the impulse response of G is represented by;

9°(1) = F exp(~F1)

in the continues time domain,

LC) IF!

=

oT, oT,

OF' oG aGO
RG°R + G'R——

6T1 6T1 aTl

(53)

54

(55)

is easily calculated. And 9®/0T; is obtained by the same way.

kinematic, dynamic optimization
kinematic, dynamic and temporal optimizati

Yno

s

Yno—Scm

0 0.26 0.33 0.6

kinematic, dynamic optimization
= kinematic, dynamic and temporal optimization

RGN

Time [sec]

Fig. 17 Change of y; by temporal optimization

Fig. 18 Motion change by the appropriate compressing time

© 2016 The Japan Society of Mechanical Engineers
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The motion in Fig.15 with 60kg weight (red line) is kinematically, dynamically and temporally optimized. Figure
17 shows the time variety of y;. Motion period is 0.6sec which is not changed and the compressing time is 0.33sec. On
the other hand, the compressing time is changed to 0.26sec. Figure 18 shows a kinematically and dynamically optimized
motion which is same as Fig.15 (red line) and kinematically, dynamically and temporally optimized motion (black line).

5. Optimization of motion aid
5.1. Motion aid for the chest compression

It is important that the chest compression is widely known in public. There are sometimes only an elderly person
and a child are in their home. In case of emergency, the child has to make the chest compression. In these days, a basic
life-saving certification for elementally school students is conducted. It is said that 35kg body weight is required for the
chest compression. The chest compression of a child with 37kg body weight and 139.5cm body height is optimized. The
torque varieties of each joint in the optimized motion are shown in Fig.19. It requires very large torque, between 0.2sec

3 2
T i T T r 30— ] r ‘ ‘ 60
1 3 ; w w : : : : :
= M - = 30
£ 0 ( £ £
= | = =
= : = = 0
= Al RERE | i (RERREE Fo----- Feeee [ [
: ; . J | . . 230 ! } | . .
0 02_03 0.5 0 02 _03 0.5 0 02 03 0.5
Time [sec] Time [sec] Time [sec]
(a) knee joint torque (b) hip joint torque (c) shoulder joint torque

Fig. 19 Torque variety of the optimized chest compression with 37kg body weight

£11]1] SRR A R —— A

200 -- -

T
|
4
I
1
|
1
4
|
|

Fy [N]

100} ------

d
|
i |
| |
,,,,,, g v _
| |
I L

0 02 03 0.5
Time [sec]

Fig. 20  Ground force of chest compression

and 0.3sec, which is because the constraint of £; > 0 in Eq. (8). Figure 20 shows the time variety of the ground force. To
keep the ground force positive between 0.2sec and 0.3sec, a large joint torques are required.

The reason of this result is that the body weight is too small to make the chest compression. However, by using a
mass that supports the small body weight as shown in Fig.21, the children will make the appropriate chest compressions.
The dynamical model is represented by Fig.22. The purpose of this section is to design an appropriate mass with respect
to the body weight.

mass

Fig. 21 First-aid chest compression with a weight Fig. 22 Dynamical model of chest compression with a motion aid
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5.2. Optimization of motion aid

As the same procedure in Sect. 3, the weight of mass m is optimized. The gradient of J with respect to m is simply
obtained by:
_aJ
" om
Figure 23 shows the relationship between the optimal mass and body weight, and Fig.24 shows the value of J with respect
to body weight with/without the optimal mass. These results show that the performer whose weight is less than 50kg

VJ, (56)

g B ! : ‘ : :
= ‘ : : 180 - 1o
a | 1 3 : !
] ~ 140 ‘
- | |
o | | |
£ i | |
I R ————— = 100
%" ! ! ! ’
35 40 45 50 35
Body weight [kg] Body weight [kg]
Fig. 23 Optimal weight with respect to body weight Fig. 24 Relationship between J and body weight

requires the motion aid. The main reason is that the constraint in Eq. (8) (ground force should be positive) is not satisfied
because of the light body weight. Through the optimization procedure, the design parameters are changed so that the
constraints are satisfied, which sometimes leads the larger value of J. An elementally school student whose weight is
about 38kg (average of 11 years old child) will make the chest compression easily with 14kg mass. Figure 25 shows the
motion of the optimized chest compression of 42kg child with/without the optimal mass. The black line shows without

With mass
e \\/ithout mass

A addd

Fig. 25 Optimal motion for 42kg body weight with/without the optimal mass

20 ——— With mass
0 —— Without' mass
& e B
= =2 =
- < <
i . 0.5 0 . 0.5
Time [sec] Time [sec] Time [sec]
(a) knee joint torque (b) hip joint torque (c) shoulder joint torque

Fig. 26  Torque variety of the optimized chest compression with/without the mass

mass, the red line shows with the optimal mass. The inertia force of the mass is effectively utilized with the larger xp. The
time varieties of the torques are shown in Fig.26. The black line shows without mass, the red line shows with the optimal
mass. By using the mass, the knee joint torque changes much smaller without increasing the hip and shoulder torques.

6. Evaluation of physical load by measuring heart rate
6.1. Measurement of heart rate

To evaluate the obtained motion, heart rate is measured to investigate the physical load of performers. The chest
compressions of three performers (performer A, B and C) are motion captured, and their heart rate are also measured
during the motion. Body parameters of performers are shown in Table 1. Other parameters such as link length are
obtained from the capture data. The performer A is a beginner, the performer B and C are emergency life guards. The
mass is optimized based on the body height and weight. Because the performers’ body weights are less than 50kg, a mass
is required for the appropriate chest compression. A weight jacket shown in Fig.27(a) is utilized for the mass. The weight
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Table 1 Body parameters of performers
Performer | Body height [cm] | Body wight [kg] | Mass weight [kg] Sex Age
A 171 48 6.6 male | 20’s
B 156 46 7.0 female | 50’s
C 158 50 44 female | 60’s

7heart rate|monitor,

weight jacket \/‘
.+

positioning|marker/of, knee

(a) weight jacket (b) chest compression with a weight jacket

Fig. 27 Chest compression with a mass (weight jacket)

of the jacket is adjustable by putting small weights in the pockets. A performer making the chest compression is shown
in Fig.27(b). He wears the jacket, and a heart rate monitor is set on his chest.

The optimal motion is displayed by the movie to the performer a priori. The position of the knee (xp) and initial
posture are well instructed. Figure 28 shows the measured heart rate. The solid line shows with a mass, and the dashed
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Fig. 28 Heart rate during the chest compression

line shows without a mass for comparison. The sampling time of the measurement is Ssec. These figures show that

(1) By using the optimal mass, the physical load changes smaller for the performers A and C even though they carry
a heavy weight on their shoulder. It shows the effectiveness of the motion aid.

(2) The physical load for the performer B does not change even though she uses the optimal mass. The reason may
be that she is an active emergency life guard and she has already acquired her best style of the chest compression.

7. Conclusions

In this paper, focusing on the chest compression, we have derived a motion optimization method considering kine-
matic redundancy, dynamical redundancy and temporal redundancy. The results are summarized as follows;

e Human dynamic model of the chest compression is derived as a link model considering constraints.

e To obtain the angular velocity and acceleration from the motion capture data, pseudo-differential and zero-phase
filter are introduced. Because of the benefit of this method, the relationship between angle data and angular veloci-
ty/acceleration is represented by a product of the angle data and a constant matrix.

e Based on an objective function, the optimization method of the chest compression is derived, and its effectiveness
is evaluated by simulations.

e An optimization method of the temporal redundancy is proposed by changing the sampling time of the data se-
quence.

e It is cleared that a human who has light body weight is difficult to make the chest compression because of the
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constraint of the positive ground force. And a motion aid with a mass is proposed and optimized.
e The effectiveness of the proposed method is evaluated by measuring the heart rate of the performer from physical
load point of view.
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