Recreating the Feel of the Human Chest in a CPR Manikin
via Programmable Pneumatic Damping
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ABSTRACT

It is well known that the human chest exhibits a strong force-
displacement hysteresis during CPR, a stark contrast to the non-
hysteretic behavior of standard spring manikins. We hypothesize
that individuals with experience performing CPR on humans would
perceive a manikin with damping as more realistic and better for
training. By analyzing data collected from chest compressions on
real patients, we created a dynamic model that accounts for this
hysteresis with a linear spring and a one-way variable damper, and
we built a new high-fidelity manikin to enact the desired force-
dlsplacement_ relationship. . A Ilnka_ge attached to_ the Che_St plate Figure 1: The CPR manikin developed in this work, shown without a
converts vertical compression motions to the horizontal displace- ¢hest plate or skin to reveal custom internal components.

ment of a set of pneumatic dashpot pistons, sending a volume of

air into and out of the manikin through a programmable valve. Po- . . . .

sition and pressure sensors allow a microcontroller to adjust the Proportion of time that chest compressions are delivered, as op-
valve orifice so that the provided damping force closely follows the Posed to ventilation. For example, the 2005 guidelines increased
desired damping force throughout the compression cycle. Eight ex- the c_hest-compressmn-to-breath ratio from 15:2 to 30:2, and em-
perienced CPR practitioners tested both the new manikin and anPhasized the phrase “push hard and push fast” to ensure that ade-
identical looking standard manikin; the manikin with damping re- duate compression rate and depth are maintained [2]. The most re-

ceived significantly higher ratings for haptic realism and perceived ¢ent AHA guidelines ask even more of the rescuer, now increasing
utility as a training tool. compression depth from *38 to 51 mm” [2] to “at least 51 mm” [8]

) . for adults. This increased focus on chest compressions translates
Index Terms.  H.5.1 [Information Interfaces and Presentation]: to a greater need to properly train CPR providers, ranging from the
Multimedia Information Systems—Atrtificial, Augmented, and Vir-  |ay-rescuer to the medical professional.

tual Realities; H.5.2 [Information Interfaces and Presentation]:  The CPR manikin is a key tool for CPR training. Such devices

User Interfaces—Haptic I/O have humanoid form and an internal spring or foam to enable the
rescuer to practice chest compressions. Through structuredesours
1 INTRODUCTION around the world, CPR training aims to give the most inexperienced

. . o . . rescuer the ability to save a cardiac arrest victim. Even though it
Cardiac arrest is a significant health issue. The worldwide incidence 5 4 major cause of death, the average person has never witnessed

of out-of-hospital cardiac arrests ranges from 49 to 83 per 100,000 5 cardiac arrest. Thus, lay-rescuers who intervene must have had
individuals per year [25, 9]. In-hospital arrests range from 110 5 raining that adequately simulated real arrest conditions.

arrests per 1,000 patients [23], and annual sudden ca(dlac deat'h €S we hypothesize that individuals with experience performing
timates range from 18(.)'000 to greater than 450,000 in th? United CPR on humans would perceive a manikin with carefully tuned
States along [16]. Surqul rates range from 2% to 7%.for'W|tnessed damping as more realistic and better for training than a standard
out-of-hospital arrests with cardiopulmonary resuscitation (CPR) spring-based manikin. After reviewing prior work, we present the

administgred by a bystqnder [15], and 15% to 20.% for in-hospital development of an advanced CPR manikin (Fig. 1) that emulates the
arrests with C_PR adm|n|st_ere_q| by trained profe55|or_1als,[23]. feel of a patient’s chest using a linear spring, a measurement-based
CPR technique has a significant effect on the patient's outcome. papiic feedback model, and actively controlled pneumatic damping.
Uninterrupted deep chest compressions are known to be essentialyeg then describe the results of a blinded crossover study in which
to survival [14, 24, 29], and even short (4 to 5 second) pauses be eynerienced CPR providers evaluated this manikin's simulation of

tween chest compressions cause a decrease_in_coronary pe_n‘usiogne representative patient alongside a standard manikin.
pressure [6]. Thus, the American Heart Association (AHA) guide-

lines for CPR have changed over the past decade to increase the2 BACKGROUND

*e-mail: astan@seas.upenn.edu Numerous electromechanical devices have been employed over the
Te-mail:shealey@seas.upenn.edu past three decades to measure compression force and depth dur-
*e-mail:maltese@email.chop.edu ing CPR in animals and humans. Such devices range from load cell

Se-mail:kuchenbe @seas.upenn.edu and displacement sensors interposed between the hands of the com-

pressor and the chest of the patient [26], to adding force and depth
sensors to mechanical devices that completely replace the human
compressor [27]. These experiments have revealed two important
properties of the chest during CPR.



First, applied force increases non-linearly with displacement in 0
adult patients [26, 11, 27], pediatric patients [18], human cadavers 25
[13], and animal models [19, 12]. A large sample of 91 out-of- 200
hospital patients (median age 70 years, 61 males) who received 178
chest compressions by emergency medical personnel found that Z 10
compressing the adult chest 38 mm required approximately 320 8128
newtons (N) of force, with 2.3 to 3.3 times more force required £ 100
to double the depth of the chest compression [26]. Second, the 7
chest absorbs energy during the compression cycle. A typical sin- 50
gle chest compression cycle in adults [3, 11], children and young 25
adults [18], cadavers [13], and animals [19, 12] exhibits hysteretic o L e e e & s
behavior, creating a loop in the force-deflection curve. Depth (mm)

Many studies mathematically model the chest as a spring in par- Figure 2: Force-displacement data from real chest compressions.
allel with a dashpot, e.g., [11, 26]. With this model paradigm, lin-
ear damping coefficients have been shown to increase with depth of )
compression [3, 11], and they range from 7:-5Mh at compression — T !
onset to 337 Ns/m at 38 mm of chest depth. Damping coefficients
also decrease by as much as 10% after 200 compression cycles [19],
as shown in both human and animal studies. Maximum sternum
velocity during CPR is about 0.25 meters per second [18], and thus
damping forces range from 18 to 84 N, which is 6 to 26% of the
total force generated by the chest (320 N @ 38 mm) reported by
Tomlinson [26]. Clearly damping forces are significant.

Much of the previous research on CPR manikin design has fo-
cused on manikins that vary in stiffness [5, 21], while some more
recent projects have begun to include damping in the simulation.
One chest simulator models the human chest as a bilinear spring in
parallel with a linear damper [28], and it creates a force-deflection
curve based on this model using passive mechanical component:
(two linear springs and one hydraulic damper in parallel). Another
project models the human chest as a progressive spring, increas
ing in stiffness with increasing depth, in parallel with a non-linear
damper [20], using eight replaceable springs of varying progressi
stiffness and a passive pneumatic damper to supply the damping
force in the manikin. The constant size of the slit of the orifice in
this pneumatic damper was designed to most accurately mimic the
damping of the human chest between 10 mm and 30 mm of com-
pression, but the air in the damper was noted to act more like a
spring when overpressure was achieved in the cylinder.

The use of purely passive components limits one’s ability to ad-
just the damping characteristics of the manikin, and it also restricts
the dynamic models upon which they can be based to models that
behave identically during the compression and the rebound of the
human chest. Thus, the goal of this research project was to build a
CPR manikin that delivers haptic sensations comparable to the hu-
man chest and has the capability of adjusting its damping forces to
simulate various patient and arrest characteristics.

Figure 3: Dynamic chest models during compression and rebound.

FDS tools were designed to improve the quality of CPR admin-
istered by a clinician, but they also provide researchers with an
opportunity to collect physical motion data that has long been in-
accessible. In particular, the data recorded by CPR pucks can be
s‘analyzed to elucidate the force-deflection behavior of the patient’s
chest, as demonstrated by Arbogast et al. [3]. The Laerdal Q-CPR
Technology FDS has been integrated into the care of patients in the
emergency room at the Children’s Hospital of Philadelphia, provid-
ing us with a large data set to consider. After examining data from
many CPR incidents, we chose to focus this paper on developing
methods that enable us to recreate the force-deflection characteris-
tics of a single, representative patient.

The data used for our dynamic model came from chest compres-
sions on a 21-year-old male patient. The raw force and position data
from the puck was post-processed using the techniques of Maltese
et al. [18] to remove the dynamic effects of the mattress beneath the
patient. This process provided over sixty full compression cycles
of force-versus-time and deflection-versus-time data upon which to
base our dynamic model. A force versus deflection plot for several
compression cycles is shown in Fig. 2. The most notable feature of
this force-deflection curve is the hysteresis caused by the viscoelas-
tic nature of the human chest, indicating that a spring alone would
not be a sufficient model.

3.2 Dynamic Model
3 DATA-DRIVEN MODELING OF HUMAN CHEST DYNAMICS Each of the loops in Fig. 2 represents a single chest compression

To streamline the manikin design process, we adopted a during CPR. The higher-force top half of the loop was generated
measurement-based approach to haptic modeling [22], aiming tobY the downward compression of the clinician’s hands into the

create a parametric input-output model of human chest dynamics. Patient’s chest, and the lower-force bottom half resulted from
the rebound of the chest as the clinician released. A simple

mass-spring dynamic model would generate a purely linear force-
deflection curve, and a mass-spring-damper model would generate
Force and deflection sensors (FDS) are now often built into patient a symmetric loop; however, the patient data reflects neither of these
monitor-defibrillators so that clinicians can receive instantaneous classifications. The compression into the chest looks like a linear
feedback on the quality of the chest compressions they perform spring, as the slope is approximately constant. In contrast, the
on actual patients. The FDS incorporates a force sensor and arrebound appears to include damping, which reduces the force felt
accelerometer into a small handheld device, commonly called a and causes hysteresis. The diagrams in Fig. 3 depict the dynamic
“puck,” that the clinician holds against the patient’s chest through- models that we propose to fit the data from the human patient;
out the CPR session. By twice integrating the accelerometer signaltransitions between the two models occur at the top and bottom
and compensating for drift, this device provides a real-time visual of each compression, where velocity is zero, so the transitions are
display of the depth of each compression while also providing au- smooth. Note that one must be careful in interpreting the physical
ditory feedback on compression frequency and force to encouragesignificance of this model; though it fits the data well, we are
the clinician to more closely follow the AHA guidelines [1]. not proposing that there is no dissipation during the downward

3.1 Chest Compression Data



compression of the chest. Instead, we believe that the nonlinear4.1 Actuator Selection
stiffness of the chest combines with nonlinear damping to yield
force-deflection curves like those shown in Fig. 2, which are well
modeled by the hybrid dynamic system shown in Fig. 3.

Many data-driven haptic rendering systems commonly rely on
backdrivable DC-motor-based devices to record and replay the de-
sired sensations [22]. However, the forces exhibited by the human
chest during CPR are orders of magnitude higher than what any
] _ commercial haptic device can provide, requiring a novel method
To calculate the best value for each parameter in our dynamic for accurate rendering. While an active electromechanical system
model, we split the data set into individual compression cycles, jike a DC motor or a solenoid might provide the most controllable
defining the starting point of each compression by the local min- force output, such a device would need to be very large to recre-
imum in the deflection versus time data. Finding each local maxi- ate the forces that a human chest exerts when fully compressed to
mum allowed us to further break each cycle into a downward com- jts greatest depth (600 N). Even if such an actuator could fit inside
pression and an upward rebound phase. The slope of each of thghe manikin, it would have very high inertia and would generate
compression sections provides the effective linear spring stiffness. excessive heat. Similarly, we rejected the option of using a cable
Averaging the stiffness values from all of the compression cycles transmission to gear down a large DC motor because its effective
gave the spring constakit= 7956 N/m. _ inertia would be too high to represent the low mass of the chest.
The linear damping coefficient and the mass term were fitbased  after prototyping many options, we ultimately chose to actuate
on the data from the rebound phases. For each data point, we calyyr manikin using passive mechanical elements (a coil spring and
culated the difference between the predicted spring force and theg nneymatic damper) with active control over the damping compo-
actual force exhibited by the human chest. This vector of residual nent. We selected a linear spring that closely matdheise stiff-
forces represents the downward damping force and the inertia of hess calculated from the 21-year-old male patient's data. To enable

the chest during the rebound. We performed a least-squares fit besimylation of a variety of patient ages and physiques, we designed
tween these forces and the corresponding velocity and accelerationpe manikin to enable easy spring replacement.

of the chest at each point, found by differentiating and smoothing
the deflection-versus-time data. The results were 217 Ns/m
andm= 2.39 kg. It is notable that the inertial forces of the chest
movement are almost negligible in comparison to the spring and
damping forces, consistent with findings of Bankman et al. [4].

We verified our dynamic model by evaluating it on the deflection

3.3 Parameter Fitting

For damping, a set of four customized Airpot 2K444 dashpots
are pneumatically connected through a manifold. These dashpots
have an internal diameter of 4.45 cm, and they were customized
with 7.5-cm stroke lengths. A tube from the manifold leads to one
port of a Festo MPYES5-3 1/4-10 proportional valve, allowing ad-

; . justment of the effective combined orifice of the dashpot cylinders.
data from the actual chest compressions and comparing the outputrhe graphite pistons of the dashpots slide with minimal friction in-
to the actual forces. We also compared this time history to a sim- gjqe the glass cylinders, preventing any unwanted haptic sensations
ulation of the forces that the model would produce if the damping o interfering with the feel of the compression cycles. The damp-
component was not included, as is done in standard spnng-basec{ng force at any point during a compression is equal to the gauge

manikins. Fig. 4 shows the results of these tests. Plotting the reSid'pressure inside the dashpot cylinders multiplied by the combined
ual error force between each of these models and the actual force

cross-sectional areas of the pistons (Fig. 5); this calculation dictated
data highlights the importance of including the damping component P (Fig. 5)

in the d . del it red th ; ‘ ¢ the need for four dashpots acting in parallel.
in the dynamic Model, as It reduces the maximum force error from Analog readings from a potentiometer and a Honeywell
over 60 N to less than 10 N.

ASDXO030A24R pressure transducer measure the vertical deflection
4 MANIKIN DESIGN of the_ chest and the pressure inside of the da_shpot cylinders, re-
spectively. Based on these readings, an AVR microcontroller sends
Once satisfied with the model, we needed to create a haptic devicea pulse-width-modulation (PWM) voltage to the valve; after be-
that could accurately render the model’s dynamics, which include a ing smoothed by a first-order low-pass analog filter set at 160 Hz,
large spring force and a strong one-way damper. Furthermore, wethis command signal adjusts the cross-sectional area of the valve’s
aimed to create a system that could be reprogrammed to emulateorifice. This scheme, explained in further detail below, controls
the feel of many different patients, not just the one modeled in the the damping force from the dashpots to match the desired damping
previous section. Rather than creating a fully custom manikin, we force from the dynamic model at each point in the cycle.
opted to modify the internal components of an existing manikin so  Beyond its low moving mass and its ability to achieve force mag-
that we could more easily compare the unique aspects of our desigmitudes greater than a similarly-sized active electromechanical actu-

to the state of the art. ator, a programmable passive pneumatic actuator also enables easy
reprogramming of the manikin to create a wide range of linear and
350 R — nonlinear damping characteristics, to simulate a tremendous variety
200 — sernoony of patients. Damping constants decrease by as much as 10% after
r + = = Spring Error T

200 compression cycles [19] in real human resuscitations and ani-
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Figure 4: Adding one-way linear damping to the simple spring model

reduces modeling errors on the rebound. Figure 5: Diagram of one cylinder and the controllable valve.
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Figure 6: The manikin’s linkage moving through a compression cycle.

mal experiments; thus our flexible design will allow us to simulate joint connect the links with minimal friction.
more sophisticated damping features in future studies. A simple A long-stemmed rotational potentiometer mounts into one of the
passive element, such as a one-way pneumatic or hydraulic dampertriangle link supports with its stem glued into the center of the cor-

would not allow such adjustments. responding sleeve bearing. The potentiometer is wired in a voltage
) divider configuration, so the microcontroller can measure the an-
4.2 Mechanical Design gular orientation of the triangular link as user presses on the chest

plate. This angle is converted to the vertical displacement of the
chest plate using kinematics. A rectangular force sensing resistor
(Interlink 406 FSR, 3.8 cnx 3.8 cm), also used in a voltage divider
circuit, is located on top of the chest plate to sense whether the user
enced CPR practitioners. We use its chest plate and spring sup-1as sufficiently released pressure on the chest between compres-
port bracket to hold the spring in the center of the manikin, but SIONS: as directed by AHA guidelines [8]. , ,
we replaced all of its other internal components. Fig. 1 shows a  Space constraints dictated the remaining mechanical design
photograph of our final manikin prototype with the chest plate and Choices. The pressure transducer is mounted to a spare port in the
skin removed for better visibility. All custom-designed pieces were Manifold and is used to measure the pressure in the dashpot cylin-
cut out of acrylic and medium-density fiberboard using a laser cut- ders. The manifold is located between the dashpots next to the cir-
ter. Beyond the shape of the manikin shell, limiting the height of Cuit board, and the valve fits next to the spring near the neck of the
the chest to realistic values represented the main mechanical conManikin. An AC-to-DC power converter plugs into a plate in the
straint. The chest plate needs space to be able to move approxi-Shoulder of the manikin, next to a serial communication port that
mately 75 mm downward to avoid bottoming out when a user sur- the microcontroller can use to send real-time data to a computer.
passes the AHA guidelines for compression depth, and the entire
manikin must be shorter than approximately 180 mm in the uncom- 43 Valve Control
pressed state to avoid appearing abnormally large. One of the major challenges of using pneumatic damping to admin-
This height constraint prevented us from orienting the dashpots ister precise forces in a haptic device arises from the fact that air is a
vertically, so we designed a system to convert the vertical motion compressible fluid. As a consequence, a pneumatic damper cannot
of the chest plate into the horizontal motion of the dashpot pistons. achieve a constant damping coefficient simply by holding a constant
Our early prototypes employed a low friction push-pull cable for orifice size. Unlike a hydraulic damper, where the flow through the
this purpose, connecting the bottom of the chest plate down throughorifice changes linearly with the velocity of the pistons because the
the spring, through a right-angle turn, and over to the tops of the liquid is incompressible, the flow rate through the orifice of a pneu-
horizontally oriented dashpot rods. Because the dynamic model in- matic damper changes with the pressure difference between the air
cludes no damping during the downward compression, when the ca-inside the cylinders and the ambient air. This pressure difference
ble is in compression, we hoped the push-pull cable would function relates only indirectly to the velocity of the pistons, depending also
well throughout each cycle. However, the inertial forces required on many other factors in the state of the system. These complicat-
to push the dashpot pistons to the bottoms of the cylinders at theing factors are balanced by the benefits of very low moving mass
100-beat-per-minute pace of CPR proved enough to cause the cabl@nd wide dynamic range. We achieved precise force output with
to buckle occasionally, so we sought another solution. pneumatic damping by creating a closed-loop controller based on a
Our final manikin uses two parallel copies of a custom linkage to dynamic model of the air-actuation system.
mechanically re-orient the motion of the chest plate. Fig. 6 depicts  As the manikin chest moves, the microcontroller differentiates
the linkage design; the two copies of the linkage are positioned on and low-pass filters the potentiometer signal to calculate the verti-
either side of the spring, and each one connects to two dashpot rodscal velocity. If the chest is in the downward compression phase,
A right-isosceles triangle mounts rigidly to a support connected to the valve opens to minimize damping; otherwise, the chest is mov-
the base plate and rotates about its right angle vertex, maintain-ing upward, and the microcontroller calculates the desired damping
ing the ratio of vertical to horizontal motion. The lengths of the force based on the dynamic model of the human chest rebound de-
links connecting this triangle to the chest plate and the dashpot rodsscribed in Section 3. We tuned both analog and digital filters of the
were dictated by the space constraints of the manikin. The fourth potentiometer signal to provide a suitable velocity estimate. Specif-
link connects these two links together to maintain an approximately ically, we needed to prevent unintended openings of the valve dur-
constant orientation of the dashpot rod connection. The placementing the rebound, which cause the pressure inside the dashpots to
of each end of this fourth link was optimized in software using a “pop” back to ambient, while also maintaining a quick closure of
brute-force search that sought to keep the two dashpot rods as parthe valve as soon as the chest enters the rebound phase.
allel to each other as possible throughout the device’s entire range The valve controls necessary to achieve a desired damping force
of motion. Miniature sleeve bearings press-fitted into each linkage required a more in-depth analysis of the dynamics of variable air

We constructed our manikin by replacing the internal components
of an existing manikin, a Laerdal Medical Resusci Anne Torso
Skillreporter. This model of manikin is currently used at the Chil-
dren’s Hospital of Philadelphia for training both new and experi-
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Figure 7: Controller block diagram.

damping. We us®, for ambient air pressurd® = Py — F /A for . || E— .
absolute pressure of the air inside the cylinders (FigV5) Ah
for cylinder volume, andr for cylinder temperature. We aim to
estimate the change in pressure that the moving pistons create, s¢&
we begin by rewriting the ideal gas law\{ = mRT) in terms of
the height of the pistons), and the downward damping forck,
based on the conventions shown in Fig. 5.

F Figure 8: Screenshots from the GUI.
(Pa—x) (Ah)=mRT )

in the valve controls. In addition to the feed-forward term and the
We differentiate this expression with respect to time to allow us to plant dynamics, this model also simulated the effects of adding a

model the dynamics of the system. proportional-derivative (PD) feedback compensator, calibration er
ror, and actuator saturation. The actuator in this system is limited
dh dF dh dm in the fact that the valve can open or close only to certain extents:
P4A-— —— -h—F.—=—-RT 2 j .
dt dt dt dt the system still has some leakage even when the valve is completely

. . closed, and the flow is still somewhat restricted when the valve is
We employed an isothermal assumptiodiT(dt = 0) because completely open.

the pressure changes due to temperature are much smaller than gy rnning the full dynamic model with position data from real
those due to the moving pistons, and a feedback compensatorcpg compressions, we compared the simulated system's force out-
can sufficiently counteract this error. As the chest plate rises, the put to the actual force data from the patient. This simulation en-
pistons move away from the orifice, and the air inside the cylinders 5ped us to tune the PD compensator’s gains to achieve good track-
stretches to create a partial vacuum, exerting a downward force ONing before implementing it on the actual manikin. The simulation
the chest plate. - . . . also demonstrated an effect that the damping force does not match
The mass flow rate of air into the cylinders is proportional 0 he gesired damping at the very beginning of each rebound; this
the square root of the difference in pressure between the two sidesycers hecause the air inside the dashpots starts at or above ambi-
of the orifice [10]. The proportionality is expressed using a valve gnt hressure and, even with the valve completely closed, the pistons
constanta, that relates to the size and shape of the orifice. need to move a certain distance before a negative pressure can be

dm achieved. Increasing the number of dashpots or the diameter of the
i oa+Pi—P (3) dashpot pistons would reduce this effect. While the simulation pro-
vided a good starting point for tuning the PD gains, the final gain
We combine all of these equations and solvedoio provide the values were further tuned on the real system to achieve good force

feed-forward term in the system controller, depicted by the block tracking.

diagram in Fig. 7. .
g g 4.4 Graphical User Interface

((pa A—F)- %%1 _ {Tf . h) VA In addition to enabling the microcontroller to specify the damping
a= (4) force, the manikin’s sensors also present an opportunity to give the
RTVF user real-time feedback as he or she performs chest compressions

If the manikin is connected to a computer through the serial com-
munications port in its shoulder, the microcontroller sends sensor
and calculation data at a rate of 40 Hz. Our custom graphical user
dF (RRA-F)- %‘ —aRT \/% interface (GUI) in MATLAB allows the user to see up to four plots
at h (5) in real time. The user chooses between showing position, pressure,
valve voltage, and FSR readings versus time. Further customiza-
The feed-forward term represents the controller's best estimate oftion options include changing the number of seconds of past data to
the valve orifice necessary to provide the desired damping force display, saving the data from a simulation, and starting or stopping
throughout the rebound based only on the velocity of the chest anda simulation at any time.
the previous desired force. In an ideal system where the desired At the end of each simulation, the user can choose to analyze his
damping force had been perfectly achieved in the previous time or her performance against the AHA guidelines for CPR chest com-
step, a well calibrated feed-forward control scheme would suffice pressions. Histograms analyze the depth and frequency of the com-
to track the desired force. However, our system included a number pressions in the simulation as well as whether the user adequately
of factors, even beyond calibration, that necessitated the inclusionreleased pressure from the chest plate between compressions. The
of a feedback compensator to improve tracking of the desired force. histogram bins are color-coded to indicate which compressions fell
We built a Simulink model to help analyze the dynamic effects within compliance of the AHA guidelines. Fig. 8 shows two screen-
of our system and determine the type of compensator to include shots from the GUI, including the real-time display of data and the

Solving this equation fof('j—'t: allows simulation of the system.
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Figure 11: Sample force-deflection curves recorded during the study
. . on the (a) standard manikin and (b) manikin with active damping. The
Figure 9: Experimental setup for the study. standard manikin displays a linear relationship, while the manikin with
damping has strong hysteresis on the rebound, as we intended.

post-training histogram analysis.

of the specified manikin on a visual analog scale; each question
5 SYSTEM EVALUATION was followed by a horizontal line, and the subject made a slash at
While engineering tests indicated that our new manikin successfully the point that corresponded to the level of their answer between
tracks the desired damping force throughout both phases of chesthe two extremes. The last three questions gave subjects a free-
compression, further testing was necessary to evaluate the quantitaresponse opportunity to note any human chest characteristics that
tive and qualitative success of the manikin at recreating the feel of a the manikin successfully or unsuccessfully recreated, along with
human chest. We therefore conducted a human subject experimenhny other comments or suggestions about the manikin.
for expert CPR practitioners to test our manikin alongside a stan- e used the FDS puck and the defibrillator to collect force and
dard spring-based manikin. The University of Pennsylvania Institu- position data from the all of the CPR sessions in the study. As this
tional Review Board approved all study procedures under protocol js the same tool used to collect the original data in this study, it
814220 with a Cpoperative ag.reement-With the Institutional Review allows easy and unbiased Comparison of the force-deflection char-
Board of the Children’s Hospital of Philadelphia. acteristics of the two tested manikins. It also provided us with the
51 Methods opportunity to _e\(aluate whether the differe_n_ce_s in the physical feel

) of the two manikins affected the way the clinicians performed chest
We designed the study for individuals who perform chest com- compressions, as compared to the AHA guidelines.
pressions as a regular part of their clinical duties. To match
the demographic upon which we based our dynamic model, we 5.2 Results
specifically sought subjects with experience administering CPR
to males in their early twenties. Recruitment efforts focused on
employees at both the Children’s Hospital of Philadelphia and
the Hospital of the University of Pennsylvania. A total of eleven
clinicians volunteered to participate in this study over the span

of two weeks; none were affilated with the research team. Al rject completed for each manikin. The manikin with programmable

subjects had performed CPR on patients as a part of their job fo X . - - - .
at least three years. The experiences of the first three participants?oarmap”'nf?vgcgfgset?ozghg;?etggg%ﬁ#gfe Lhcaégtgir?i?\?g dar;jt;?iig::kall?

elucidated several issues with the initial implementation of our . i for th f th i Th Kin with
manikin, particularly with ensuring a fast start to the damping force signincance for three or the questions. € manikin with pro-
when the subject was delivering 100 compressions per second, Sdgram_mable damping received a significantly hlgher rating for how
we reworked several components before restarting the study. We\ive?I‘IO|t9(r)ecr(iatoe(s)c§887fjelzoig gé’gian ch.est.f(.jurlru‘;] ﬁp E (F(lt,15)
classify these first three participants as a pilot study, leaving eight .~ <> = U.U " =0 ), a signincantly higher rat-
subjects to analyze as part of the official study data. ing for how We!l it would prepare a trainee to pe familiar with the
After giving informed consent and completing a demographic feel of performlzng compressions on a real patient (F(1,15) =,7.28
survey, subjects were instructed to perform at least twenty secondsP = 0'00173".7 = 0.3423), and a s.lgnlflcan.tly higher ratlng.for
of chest compressions on each of the manikins, with a short break Whether leaming CPR on the manikin would improve the quality of
between the two sets. Subjects were asked to follow the AHA chest-Chfsé ggffrefsfogszgfgor?ﬁd 8ntacttualdp%tutents ((Ij:(t:)L%Sd)d= 5.?1,
compression guidelines and to focus on the physical response off = Y- A" = .2 ..)' € dala trended toward but did no
the manikin. Subjects completed both sessions of compressions us.f"ch'".ev.e statistical S|gn|f|car_1ce regarding how us_eful of a tool the
ing an FDS puck, and the attached defibrillator provided them with mdan!kl_ntw?uld b?:f;)rltzxp_egeznsced _u%eféé% pra%n?e tr)letvveen” (t:hPR
standard verbal coaching and visual feedback of compressign rate 2dministrations (F(1,15) = -29, P =Y. ) and for how wet the
depth, leaning and duty cycle. As shown in Fig. 9, the manikins man!kl_n sw_nulates the phyS|EaI eﬁort_and fatigue associated with
were positioned side by side on a table. Half of the subjects per- administering CPR (F(1,15) = 2.88, p = 0.1119).
formed compressions on our manikin first, while the other half first Ve anz?lyzed the average peak ?epth, hpeak force, l?nd com-
used the standard spring manikin. The two manikins were both Pression frequency data recorded from the FDS puck, and it

dressed in t-shirts and were presented to look as similar as possibleglivd not S_fllQW ar|1|y statistic:;lnysignif(ijca}lnt differences bﬁtwehen the
aided by the fact that our manikin is built into the same shell and WO manikins. However, the force-deflection curves that the two

skin as the standard manikin. The experimenters referred to the twoManikins generated did contain noticeable differences in- their
as Manikin A and Manikin B, to further avoid biasing subjects. shapes, as seen in the representative example shown in Fig. 11.
After completing the two sets of chest compressions, subjects
were presented with two identical surveys and asked to evaluate
each of the manikins separately. During this time, subjects were While a much larger study would be needed to test whether a cer-
permitted to press on either manikin as much as they desired totain manikin actually improves CPR performance, our subject pool
help them respond to the questions more accurately. The first five of eight clinicians significantly preferred the programmable damp-
guestions asked subjects to rate the realism and training efficacying for increasing the biofidelity of the manikin. Furthermore, they

We statistically analyzed the data using the method of within-
subject analysis of variance (ANOVA) with manikin type as the
only experimental factor, using = 0.05 to determine significance.
We calculate the size of significant effects using fifemethod.
Figure 10 shows box plots for the five ratings that each sub-

5.3 Discussion
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Figure 10: Box plots of the results from the survey. The line shows the median, the box shows the span of the second and third quartiles, and
the whiskers show the full range of the data. The lines above denote statistical significance in the difference of the means.

thought it would more effectively prepare a new trainee for the bones.” Several additional comments suggested potential new fea-
feeling of the human chest. In a broader context, the results from tures, as discussed below.
Question 5 are particularly significant given the findings of a recent
study that analyzed the survival rate of over 5,000 cases of out-of-6 CONCLUSION
hospital cardiac arrest based on the type of CPR performed by awe have developed a new manikin chest that uses measurement-
bystander [7]. When the bystander performed standard CPR with based haptic modeling and adjustable pneumatic damping to im-
ventilation, the survival rate was 7.9%, but this rate rose to 13.3% prove the haptic realism of CPR training. Force-deflection data
when the bystander performed chest-compression-only CPR. Ourfrom a 21-year-old male CPR patient provided the basis for the
finding that clinicians believe that training on a manikin with pro-  derived dynamic model of the human chest; the combination of a
grammable damping would improve the quality of chest compres- inear spring with a one-way damper captures the main trends in the
sions performed on actual patients indicates that manikins like this data. Our system actively adjusts the orifice of a valve connected
could increase the out-of-hospital cardiac arrest survival rate eve to four pneumatic dashpots to provide damping forces that contin-
further. At the very least, the clinicians’ unanimous agreement yously match the dynamic model. A mechanical linkage converts
that the programmable damping increased the haptic realism of thethe vertical motion of the chest into horizontal motion of the dash-
manikin illustrates the merits of our measurement-based approachpot pistons to fit within the size constraints of the manikin. A user
to haptic modeling. It also shows that we successfully achieved our study with clinicians experienced in administering CPR to real pa-
desired force-deflection relationship without adding any extraneous tients helped test the basic functionality and evaluate the biofidelity
haptic artifacts that could interfere with the user experience. and potential added value of the system. Subjects overwhelmingly
We were surprised to find that the data did not reach statistical preferred the new manikin over the standard manikin, and they pro-
significance regarding how well each manikin simulates the phys- vided many useful comments for continued progress on this project.
ical effort and fatigue of CPR. Many of the clinicians consulted Several potential improvements to this manikin and ideas for ad-
during the manikin design and some of the clinicians in the user ditional features open the door for future work in this area. Se-
study feel that a spring manikin does not fatigue the user as muchlecting a different valve or adding sound insulation might reduce
as a real human chest because it “snaps back faster than a humanthe noise generated by the manikin during use. Several clinicians
and helps push the user back up on the rebound. Seven of the eighhoted that the human chest tends to deform over the course of very
subjects rated the manikin with programmable damping higher on long CPR administrations, essentially losing the ability to return to
this continuum, but the dissenting subject noted in the free responseits original height. This effect could possibly be simulated even
that the standard manikin seemed stiffer, making it harder to deliver with the manikin’s current hardware by increasing the damping co-
compressions, and thus rated it higher for recreating the physical ef-efficient during the rebound over the course of a long simulation.
fort of real compressions. However, the two manikins use springs Another possible method for recreating this effect would involve
of almost identical stiffness, so this difference was only true in per- tracking the number of chest compressions in a simulation and set-
ception, perhaps as an effect of the order in which this subject testedting a threshold height that would lower slightly with each compres-
the two manikins. The force-deflection curves from the puck data sion; the microcontroller could completely close the valve when
clearly show more hysteresis on the manikin with programmable the chest plate reached this height to prevent it from bouncing back
damping from the slower recoil. The damping absorbs energy from any higher. Verifying that either of these approaches could accu-
the user, indicating those compressions should require more effort. rately simulate the wearing down of a human chest would require a
Many subjects used the free-response questions to explain dif-dynamic model based on many more compressions than were ana-
ferences between the quantitative ratings of the manikins. In the lyzed for this project.
traits that the standard manikin recreates, one user noted that it felt A future phase of this research could also focus on simulating
like a “sick chest [because it was] easy to compress.” Many users specific events that can occur during CPR. The feeling of a patient’s
felt that the standard manikin did “not have the same recoil that [a] rib breaking or of the patient starting to gasp for air can easily star-
regular patient has” or that the “pressure on [the] rebound” seemedtle the person performing CPR and lead them to momentarily stop
unrealistic. Almost all subjects specifically noted the chest recoil as performing CPR, jeopardizing the patient’s survival chances. Sev-
a feature that our manikin successfully recreates. Both manikins re-eral clinicians in the study noted that neither manikin could recre-
ceived praise for their size, shape and anatomical models. One com-ate these physical events. Simulation of these tactile sensations
plaint described the sounds of compressions as either distracting odikely requires further exploration of event-based haptics, which ex-
not typical of real compressions on both manikins. The only other pands position-force rendering to include the high-frequency accel-
negative comment written about the manikin with programmable erations experienced during impacts and other events [17]. Replay-
damping was that the “skin and bones don't feel quite like skin and ing these vibrations has proven beneficial increasing the realism of



other haptic interactions, but such an approach has not yet been ap-
plied to chest compressions. The most challenging aspect of this
project phase would probably be in collecting recordings of rele-
vant events from real CPR administrations.

The ability to reprogram a manikin chest to simulate a variety
of patient age ranges and physiques without any mechanical alter-
ations would represent another valuable feature to develop in a CPR
training tool. While the damping component of our manikin can be
adjusted without replacing any physical components, one must re-
place the spring to adjust the overall stiffness of the chest. With
the infrastructure in place in this manikin, it may also be possible
to use the air in the dashpots as a programmable, adjustable spring.
Assuming the spring inside the manikin is as weak, or weaker, than [9]
the stiffness of the chest for a given simulation, the dashpots could
add additional stiffness by restricting the flow out of the cylinders
during the downward motion, causing the air to compress and add
an upward force component. The same control scheme we im-[10]
plemented to achieve a desired damping force during the rebound
could feasibly be implemented to achieve a desired spring force [11]
during the compression.

Finally, reducing the cost and simplifying the design of this
manikin would likely prove necessary before standard deployment.

An extensive human subject study would also be required to test [12]
the hypothesis that high-fidelity chest simulation will improve per-
formance in CPR administration. Compiling simulation data over
time for a set of users, and using the performance of a separate sefl3]
of users trained on conventional manikins as a control, this phase

of the research would focus on statistical analysis of the signifi-
cance of any changes in technique over a much longer study period.
Quantification of the transfer of skills from simulation to real prac- [14]
tice, while difficult to test, embodies an important step in justifying
the additional costs of this manikin or of any other high-fidelity
haptic clinical simulation.
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