
The Viscous Criterion
Two scientists at the General Motors Research Laboratories have developed
a way to predict the probability and severity of impact injuries in the body's
soft tissues, including the heart, liver, and the central nervous system.
It is an essential step in designing safety systems to reduce such injuries.
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FIGURE 2: Lateral view of a viscoelastic model
of the human chest. Dashpot elements (a) and
spring elements (b) represent thoracic compliance.
Compression (C) is expressed as a percentage of
original chest depth (D).

FIGURE 1: A) Plot of viscous response, VC(t),
during impact (black). C(t)=normalized com-
pression (red). V(t)=rate of chest deflection (blue).
[ VC)max defines the Viscous Criterion.
B) Range of validity for Viscous Criterion
(yellow).

Designing an automobile to
reduce the risk of injury to its

occupants in a collision demands an
ability to correlate the forces gen-
erated by the crash with the bio-
logical effects experienced by the
people involved.

Military rocket sled experi-
ments in the late 1950s measured
man's ability to withstand sudden
changes in speed. The resulting
Acceleration Criterion was used in
setting 60g (60 times the force of
gravity) as the maximum spinal
acceleration allowable under federal
motor vehicle standards in a 30 mph
crash test.

This Acceleration Criterion
treats the body as a rigid structure.
Over the years, however, subsequent
research on injury mechanisms
indicates that injury criteria based
on whole-body acceleration are
incomplete predictors of injury risk.

The body is a deformable struc-
ture, and injury can be sustained
when the chest is compressed in an
accident. At low speeds of defor-
mation (less than 3 meters per
second), the tolerance to rib cage
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damage and the risk of injury cor-
relate closely to the maximum com-
pression of the chest—expressed as
a percentage of the original chest
depth from sternum to spine. This
Compression Criterion, developed
in the early '80s by GM research-
ers in conjunction with the Univer-
sity of California at San Diego, is
useful in evaluating injury risk for
safety-belted occupants, where tight
coupling to vehicle deceleration
reduces the amount of chest com-
pression in a collision.

Doctors Ian Lau and David
Viano—both members of the Bio-
medical Science Department of
the General Motors Research
Laboratories —began in 1981 to
evaluate the importance of veloc-
ity in assessing the risk of impact
injury. They were concerned that
the maximum compression toler-
ance might underestimate chest
injury risk at high speeds of chest
deformation (greater than 3 m/s)-
typical of unrestrained occupants in
a frontal crash, or in high-speed
side impacts.

The two scientists designed a
series of experiments that held
maximum compression constant at
16%-well below the tolerance
level of 35%-and varied the rate
of abdominal compression from
5 m/s to 20 m/s. The experiments
verified that severity of soft tissue
injury increased as the velocity of
compression increased.

These results, plus further
analysis of previous experiments,
led Viano and Lau to develop a func-
tion called the Viscous Response to
describe the behavior of soft tissue
during an impact event. Viscous
Response was defined as the instan-
taneous product of the velocity of
deformation and compression, var-
ying over time: VC(t) (Figure 1A).



The mathematical form of the
^Viscous Response is derived from
^analysis of a mechanical analog of
the viscoelastic response of the

-human thorax. (Figure 2). The dash-
pots (2a) represent the behavior
of viscous soft tissue, while the
springs (2b) correspond to the elas-

- tic skeletal response to impact.
f" In computing impact energy
^absorbed by the analog, the domi-
'• nant term is the product of veloc-
ity of deformation and compression,
with compression defined as chest
deflection normalized by the origi-
nal chest depth, (Fig. 2, D). There-
fore, the Viscous Response is
related to absorbed energy.

Drs. Viano and Lau suspected
that the injury mechanism for

soft tissue was also related to
absorbed energy, and designed fur-
ther experiments to verify the pre-

•; dictive abilities of the peak Viscous
: Response (VCmax)- In these tests,
velocities of deformation ranged
from 5 m/s to 22 m/s and maximum
chest compressions ranged from 4%
to 55%. Analysis of the test data
showed that the maximum Viscous
Response was an accurate predic-
tor of injury risk for the entire data
set. In addition, V C m a x was the
only biomechanical response that
adequately defined injury risk for
the full range of test conditions,

, including the extremes of only 4%
compression at 22 m/s, as well as

: 55% compression at only 5 m/s.
, Investigation across this range
•of deformation velocities effectively
-links together existing knowledge
of crushing injuries, high-speed
impact injuries, and data available
;0n blast injuries (Figure IB).

Applying the Viscous Criterion
to previously published blunt fron-
tal impact data, Lau and Viano used

statistical analysis to show that
V C m a x

 w a s highly correlated with
the risk of severe injury. "For veloc-
ities of chest deformation above 3.0
m/sj' says Dave Viano, "VCm a x
is the principal indicator of injury,
whereas for very slow speeds of
deflection, the Compression Crite-
rion assesses crushing injury risk.
We are, therefore, recommending
a viscous tolerance for the chest of
VCmax equal to 1.00 m/s, and a
compression tolerance of Cmax
equal to 35% to minimize the risk
of severe injury in an accident."

Ian Lau points out the impor-
tance of such risk assessments as
targets for automotive designers.
"Based on our new awareness of
the mechanism of soft tissue
injury, General Motors has already
designed a self-aligning steering
wheel that can be an excellent coun-
termeasure for reducing abdominal
injuries in a crash."

The new wheel works in con-
cert with the energy-absorbing
steering column, and is available
as standard equipment on the
1989 Chevrolet Cavalier. Says Lau,
"This is an excellent example of
engineering and medical science
working together. And because GM
is the only auto maker with a bio-
medical research facility and a ded-
icated staff of research professionals,
it can only happen here."
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THE
MEN
BEHIND
THE
WORK:
David C. Viano and Ian V. Lau are
both members of the Biomedical
Science Department at the GM
Research Laboratories.

Dr. Viano (right) is a Principal
Research Scientist, leading the
department's Safety Research Pro-
gram. Dave received his BS in Elec-
trical Engineering from the Univer-
sity of Santa Clara; he holds both
an MS and a Ph.D. in Applied
Mechanics from the California Insti-
tute of Technology. Dr. Viano joined
GM in 1974 following postdoctoral
work in Biomechanics at the Swiss
Institute of Technology. His inter-
ests include technologies to improve
occupant protection, the biomechan-
ics of trauma and disability, trans-
portation safety, and public health
approaches to injury control.

Dr. Ian Lau came to the
Research Laboratories in 1978, and
is now a Senior Staff Research Engi-
neer. Ian has a BS in Electrical Engi-
neering from Lowell University. He
holds a Ph.D. in Biomedical Engi-
neering from the School of Medicine
of the Johns Hopkins University. Ian
was also a Postdoctoral Fellow of
the American Heart Association at
the Hopkins School of Hygiene and
Public Health. His other research
interests include traumatic cardiac
arrhythmias, and occupant interac-
tion with the steering and supple-
mental restraint systems.
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