
 

 

 

  
 Abstract—Cardio Pulmonary Resuscitation (CPR), especially 
the chest compression should be performed promptly on 
victims of cardiac arrest for improved morbidity. But, 
commercially available CPR mannequins do not accurately 
mimic the viscoelastic properties of the human chest. A CPR 
module with multi-spring design, one concentric and the other 
stacked, showing increased stiffness with depth of compression 
built for a first aid mannequin, exhibits improved bio-fidelity.  
The acceptable ventilation volume during CPR varies between 
different standards, this module allows the acceptable range for 
chest ventilation customized during training. 

Keywords-Cardio Pulmonary Resuscitation, Conical Spring, 
Chest Stiffness, Mannequin;  

INTRODUCTION 

Cardio Pulmonary Resuscitation (CPR) performed on the 
victim of Cardiac Arrest ensures intact brain function until 
spontaneous blood circulation can be restored.  CPR consists 
of 3 steps [1], first clear the airway to allow exchange of 
gases between the lungs and the atmosphere, next begin 
chest compressions at the rate of 100 compressions per 
minute to a depth of 4 cm; Stop after 30 compressions and 
administer 2 artificial breaths, ensuring the chest rises with 
each breath.  The last 2 steps are repeated for 5 cycles before 
checking for a spontaneous pulse.  CPR is performed both 
inside the hospital and outside.  With increasing number of 
cardiac diseases and concomitant increase in cardiac arrest 
[4], it is prudent for lay persons also to learn to perform 
CPR. 
CPR is often unsuccessful especially when performed by lay 
persons [2]. Apart from the general tendency to confusion in 
an emergency, performing CPR requires training and 
practice. The training is complicated by two separate factors, 
one is the shockingly large force required to attain a 4 cm 
depth of compression and the other is the speed of 
compression, which amounts to nearly 2 compressions every 
second! 
Medical Mannequin simulators have been shown to improve 
acquisition and retention of knowledge [5], [6].  Accordingly 
many mannequins including the popular Laerdal’s 
ResusciAnne [8] have been developed specifically for 
training in CPR.  But these mannequins suffer from two 
disadvantages, one is they have a chest with constant 
stiffness; i.e., in each case the chest is modeled by a single 
spring giving a single stiffness rate. But, the human chest is 
viscoelastic, with stiffness increasing with depth of 
compression [3].  The other disadvantage is the artificial 
breath parameters are not tunable, either the volume of air 
blown into the lungs is not measured or it has a preset 
pass/fail value which cannot be changed.  But, the time and 
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volume of ventilation varies between different agencies, 
AHA emphasizes CPR, deems ventilation unnecessary 
especially when performed by a layperson[1], 0.5 to 2 liter 
otherwise; The Military specifies a ventilation volume of 0.5 
to 4 liter [8] during each artificial breath;  European 
Resuscitation Council (ERC[12]) guidelines is 0.4 to 0.6 
liter. 
Our design goal is to improve the bio-fidelity of the 
mannequin chest to improve CPR learning, incorporate 
pass/fail criteria for verifying CPR skills learned and make 
the ventilation pass/fail criteria tunable to accommodate 
various standards. 

METHODOLOGY 

A. Chest with Variable Stiffness 

Grueben et al [3] measured the force, displacement, velocity 
and acceleration during CPR on 16 patients and 3 
mannequins with a system specifically designed for the 
investigation of CPR [9], in a clinical setting.  The force 
applied during CPR was limited to 400N by visual feedback 
from the force/displacement recording system to minimize 
the chances of chest trauma.  
The force applied during CPR is a sum of the elastic force Fe 
and the damping force Fd. Both the elastic force Fe and 
damping force Fd varied with the depth of compression; The 
elastic force is a 4th degree polynomial in compression 
depth while Fd is a linear function and its contribution to the 
total force applied during CPR is low. The elastic force Fe 

has also been approximated with a four segment linear 
spline. 
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Where x1 = 20/k1, x2 = x1 + 80/k2,  x3 = x2 + 100/k3, the 
elastic spline parameters, k1, k2, k3, k4 provide the piecewise 
linear approximation of the chest stiffness in four ranges. 
Figure 1 illustrates the variation in the elastic spline 
parameters calculated to fit each of the 16 subjects 
considered in this study.  As is evident the highest stiffness 
value k4 ranges from 190 N/cm to 389 N/cm. while the 
initial lowest stiffness, k1 ranges from 21 N/cm to 60 N/cm.  
The data indicates the human chest shows a wide variation 
both in stiffness and rate of stiffness change with depth of 
compression. 
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Fig. 1 : The model stiffness estimate to fit the Elastic force data obtained 
from each of the 16 subjects is shown. 
 
Wide ranging stiffness is easily realised in terms of springs: 
 springs in series whose stiffness add up as depth of 
compression increases, stacked springs of increasing 
stiffness or a conical spring with varying diameter and/or 
pitch.  The springs had to fit inside the chest of the First Aid 
mannequin already being built.  This put a constraint of a 
maximum of 16 cm on the height of the spring and a 
minimum of 6 cm on the inner diameter of the spring.  Since 
the batch size for the spring manufacturer was limited to 2 - 
3 sets, only cold rolled steel springs were available at 
reasonable cost.  

1) Springs in series: 
Four springs of varying heights are mounted concentrically; 
At the start of compression, the first spring with stiffness k1 
is active;  When the depth of compression is 1 cm, both the 
first and second spring become active with a total stiffness 
of k1+k2;  At  2 cm depth of compression, the first, second 
and third springs become active with a total stiffness of 
k1+k2+k3;  At 3 cm depth of compression all the four springs 
become active with a total stiffness of k1+k2+k3+k4; 

Table 1: Four Springs of varying heights mounted concentrically 

Spring # 1 2 3 4 
Diameter cm 5 6 7 8 
Height cm 15.5 15.0 13.5 11.5 
Stiffness N/cm 37 30 136 146 

Cumulative 
Stiffness N/cm 

37 67 203 349 

Compression Depth at 
which activated cm 

0 0.5 2.0 4.0 

2) Conical Spring: 
A conical spring starts with a low stiffness, a small initial 
force provides a noticeable depth of compression, but, the 
stiffness increases with applied load necessitating a large 
force to produce the required depth of compression. This is 
because of the variable stiffness of the spring;  
As seen from the spring formula, spring coils with the 
largest diameter have the lowest stiffness.  These are the first 
to deflect; after a certain load they bottom out, now coils 
with a smaller diameter deflect, but they have a higher 
stiffness, hence requiring a larger force to produce the same 
deflection [11]. 
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Where d is the coil diameter, D is the spring mean diameter, 
n is the number of active coils and G is the modulus of 
rigidity. 
A MATLAB simulation was used to generate the force 
displacement curve, the simulation assumed the spring is 
made up of a number of single turn springs of equal pitch, 
with each successive single turn spring having decreased 
diameter and hence increased stiffness as shown in fig. 2.  
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Fig. 2: A typical force displacement curve for a conical spring. 
The pitch has to be changed from turn to turn to obtain 
desired force displacement curve.  Friction between the coils 
as a result of bottoming out has been neglected.  This would 
add to the increasing stiffness. 

3) Stacked  Springs: 
A manufacturer who could make a conical spring in a batch 
of 2 springs at a reasonable cost could not be found.  The 
design has hence been converted to a set of stacked springs 
of varying stiffness.  As seen from the spring formula, the 
varying stiffness effect can also be realised by changing the 
pitch of the spring.  The coil diameter, spring diameter and 
the pitch were modified to generate a set of 3 stacked springs 
of varying stiffness similar to that from the conical spring. 
 

Table 3: Stacked springs of varying stiffness 

Spring # 1 2 3 
Coil Diameter mm 4 4 6 
Diameter     mm 54 54 58 
Height mm 45 45 70 
Pitch mm 12 30 17 

Stiffness N/cm 40 102 154 

 
Along with the springs specified in Table 3, Belleville 
washers of various outer diameter, 55 mm inner diameter 
and 10 mm height can used to get different stiffness ranges 
for the same depth of compression. 
In addition to the compression depth, the compression rate 
and the placement of the hand for performing CPR are also 
monitored. 



 

 

 

B. Chest Displacement Measurement  

Linear Potentiometers caused reliability problems when 
operated at the nearly 2 Hz frequency required for CPR..  
The mannequin chest houses the embedded processors and 
sensors and actuators for other physiological phenomena like 
respiration and heartbeat. Capacitive or inductive 
displacement sensors could interfere with these circuits. 
Contact less displacement systems like optical systems and 
ultrasonic systems were investigated and we finally settled 
on a light based displacement measurement setup. 
A Light Emitting Diode (LED) is mounted on the sternum, 
i.e., the top plate sitting on the spring, an Light Dependent 
Resistor (LDR) is mounted on the base plate, i.e. the base on 
which the spring is mounted.  The light incident on the LDR 
increases as the compression depth increases and the 
resistance of the LDR decreases.  The change in resistance is 
mapped to the compression depth. 

C. Flowmeter to measure ventilation volume 

Air for ventilating the mannequin’s lungs is directed from 
the mouth of mannequin into its chest by a rubber tube. The 
flowmeter is mounted at the chest end of the tube to measure 
ventilation volume. Two different systems have been 
realised to measure the air flow velocity: one is a rotation 
based flowmeter and the other is transistor based. The flow 
rate measured by either system is integrated by the processor 
to obtain the ventilation volume. 

1) Rotation Type Flowmeter: 
An axial fan is mounted at the end of the windpipe inside the 
chest of the mannequin.  LED and LDR are mounted on 
either side of the mannequin, whenever the Fan Blade passes 
the LED, light incident on the LDR is cut off completely, 
increasing its resistance.  The value and frequency of change 
in resistance is mapped to the air velocity. 

Fig. 3 :  Block Diagram explaining the functioning of the fan-type 
flowmeter 

2) Transistor based Flowmeter [10]: 
This is just a sturdier version of the Hot Wire Anemometer, 
instead of cooling a heated thin, delicate wire, a transistor is 
cooled. The temperature differential between two transistors 

Q1 and Q2 is maintained at about 50 degrees so that they 
have the same base voltage.  The ventilation airflow over the 
heated transistor Q1 cools it, causing a voltage drop. The 
sensor circuit drives the voltage back up again by generating 
a current to heat the transistor Q1. The current required to 
retain the temperature differential is mapped to the air flow 
velocity.  

Fig. 4: Block diagram explaining the functioning of Transistor based 
flowmeter[10] 
 
Two mannequins have been built so far, one with the 
rotation flowmeter and the other with the transistor-based 
flowmeter.  The transistor based flowmeter is more sturdy 
and easier to install than the rotation type flowmeter.    A 
linear actuator mounted in the chest, causes the chest to rise 
if the minimum required ventilation volume is provided. 
This provides the visual cue for correct ventilation. 

D. Complete System Interaction 

The sensors and actuators are connected to an embedded 
processor which communicates with a computer via TCP/IP.  
The computer has a JAVA based GUI which allows the 
various criteria for successful CPR performance to be edited 
in admin mode. The CPR module itself is launched via the 
GUI. 
One version of the mannequin uses the Rabbit RCM5700 
processor. The sensors in this case communicate with the 
processor via a 32 to 1 Multiplexer.  The processor 
continuously polls the Multiplexer; once a sensor becomes 
active, the corresponding program is activated on the 
computer, which in turn provides the trainee with 
visual/audio cues regarding the training goals. 
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Fig 5:  System Interaction between the Mannequin which houses the CPR 
Module, the main computer and the user. 

DISCUSSION 

The 16 volunteers in the seminal study to measure CPR 
Force [3] showed huge variations in stiffness, so Chest 
Compression training can also be viewed as learning to 
gauge a compression depth of 4 cm irrespective of the 
increasing force required to achieve it; We have come up 
with a mannequin whose stiffness is a stepwise linear 
function of compression depth.  We can achieve different 
stiffness rates by changing out one set of springs for another, 
and this may be the best method to learn to gauge a depth of 
4 cm irrespective of the resistance offered. 
In most mannequins including ResusciAnne the ventilation 
air flows into a bag; the bag expands and presses one or 
more push button depending on the inflow volume. The push 
buttons are preset for one set of pass/ fail criteria. Changing 
the pass/fail criteria would require hardware rework and 
calibration.  In our case the ventilation volume is measured 
as velocity and then integrated to get the actual volume; The 
central processor compares this volume against preset 
pass/fail values to determine whether the ventilation volume 
was adequate. Changing the pass/fail volume criteria is a 
simple setting change in the admin mode. The system can be 
run in admin, testing and training modes. 

SUMMARY  

A  CPR module for a high fidelity mannequin with tunable 
pass/fail criteria has been developed.  The efficacy of 
learning CPR on this module is yet to be established on the 

field.  Future versions of the CPR module will also 
incorporate a variable damper in the form of a Magneto 
Rheological Elastomer or Electric Rheological Damper.  The 
next step would be to develop a smart material stiffness 
element with tunable stiffness range, allowing a single set up 
to mimic various Stiffness Vs. Depth curves. 
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