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Today’s business climate in the U.S. is definitely
challenging. The dizzying pace of change brought
on by plummeting sales figures and higher costs for

just about everything has resulted in a crunch on operat-
ing budgets not seen in decades.

The question of what to do about balancing business
performance in a tough market brings a plethora of both
challenges and opportunities.

SAFETY & HEALTH CHALLENGES DURING LEAN TIMES

A key cost frequently overlooked during hard times is
increased incidences of injuries due to many discernable
factors. For example:

•Employees failing to maintain proper injury preven-
tion practices.

•Fear of layoffs may prevent employee self-reporting
of minor injuries. This minor injury may exacerbate into
a major injury that requires surgery and/or long-term dis-
ability.

•When job stress levels increase, mental distractions
also increase. Too often, these can lead to an increase of
avoidable injuries.

•Management may inadvertently increase risk levels
by cutting back on injury prevention programs.

•Failure to proactively manage injuries can result in a

simple first-aid case escalating in value from $100 to
$100,000.

•Employee workers’ compensation fraud. The melt-
down of many financial markets that severely damaged
employee 401K plans may well become a factor for
many employees who believe they have lost everything.
Some of those employees may develop displaced aggres-
sion and blame others for their new troubles. Those indi-
viduals affected by displaced aggression may become
distracted or reckless in the performance of their job
duties, resulting in serious or exaggerated workplace
injuries.

•Alcohol, drug use and domestic violence may
increase.

Other challenges during hard times include:
•increased injury treatment and unemployment costs;
•unplanned expenses;
•organizational structures that are no longer justified

in a business downturn;
•theft of business supplies, equipment and/or invento-

ry and misuse of company property and unjustified
expenditures.

SOLUTIONS FOR LEAN TIMES

Just as a company or organization expands during
prosperous times, the methods used during lean
times should be implemented on a case-by-case
basis. However, the challenge becomes more
difficult during lean times because:

•questions of what functions are necessary
may become clouded due to loyalties, friend-
ships or intra-organizational bonds;

•shifts in business status demand that
changes be made;

•deciding how to proceed toward creating a
leaner organization can paralyze even the best
companies.

When a business runs smoothly and profits
are strong, no problems exist. However, if
strategic decisions must be made, make them
and help those impacted understand why those
decisions are necessary. Employee involvement
helps organizations make better decisions.
Consider the effect and value that quality and
safety circles have made on productivity over
the years. Enormous gains have been made in
preventing costly accidents and rework by use
of these techniques.

Use of enterprise-wide risk management,
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Motorola’s six sigma and Deming’s plan-do-check-act
processes can add significant value to the process of
strategic realignment from hard times to better times. In
each of these processes, quality management principles
have shaved millions of dollars of expenses off the bot-
tom line in a variety of industries. And as priorities
change, it is critical that remaining employees know how
they will fit in and be measured against new goals and
objectives.

Determine Critical Functions
in the Organization

In addition to income-producing tasks, keep those func-
tions that directly have value and can have a positive
impact on the company’s bottom line. Saving money
through loss prevention is the same as making money.
Blanket cuts of staff across the board can have devastating
financial consequences for the organization. If the func-
tion’s value is not clear or not needed, then eliminate it.

For example, consider consolidating duplicate jobs in
different departments and keep jobs required for legal
compliance reasons, such as tax accounting and IRS
reporting requirements, EEOC compliance, injury pre-
vention, environmental compliance and other labor law
requirements. By weighing the financial risks of intend-
ed actions on a case-by-case basis, the decisions become
easier and more cost-effective to make.

Outsource Carefully
While some functions can be outsourced, others

should not. Outsourcing regulated compliance programs
can go very wrong. Management of these risks is a daily,
hourly effort that cannot be handed off to the lowest
bidder.

Help Employees Manage Stress
Encourage employees to talk about the real impacts of

hard times. While job losses and uncertainties are a reality
for many, the importance of having someone to talk
to about these things is critical. Supervisors, human
resources staff or employee assistance programs may help
employees to cope.

The importance of managing stress during organiza-
tional challenges cannot be overemphasized. Inadequate
communication is frequently the reason for added costs
of stress claims to the company during hard times.
Management’s involvement with employees and listen-
ing to their concerns is paramount during hard times.

Management should ask many questions. Employee
involvement can help solve many of the challenges that
businesses face in hard times. Stay positive and when it
is time to take action, do so. �

David M. Ferguson, CSP, REA, consults directly about risk
management and environmental health and safety issues with
many companies around the country. He is also recipient of the
2007 Risk Professional of the Year Award from the San Diego
Risk and Insurance Management Society. He can be reached at
dferguson2@san.rr.com or (858) 505-4199.

Workplace Safety
Critical During

Business Downturns

If companies believe they will save money by
reducing or ignoring safety for their workers, cus-

tomers and communities, they are mistaken, ASSE
reports. The ongoing positive results indicate that
companies which have a strong safety culture and
continually invest in and implement effective safety
processes improve their bottom line and pro-
tect—and even enhance—their reputation. In
addition, employees stay safe and healthy reducing
healthcare, workers’ compensation, training and
turnover costs, and keep customers, the communi-
ties they do business in, vendors and employees
happy. In other words, safety is good business.

“During economic down-turns, employers
seeking to cut expenses may target variable
operating costs such as travel, training and safe-
ty. Money cut from safety processes now could
have an enormous cost later,” ASSE says. “There
are better ways to protect the bottom line.”

Investing in safety pays and contributes posi-
tively to a company’s bottom line. Businesses
spend about $170 billion a year on costs associ-
ated with workplace injuries and illnesses, and
pay almost $1 billion every week to injured
employees and their medical providers. In addi-
tion, a recent study by an Australian investment
firm found that companies which do not ade-
quately manage workplace safety issues under-
perform those that do.

When considering training reductions, com-
panies must remember that some safety-related
training is driven by regulation, is time-sensitive
and cannot be delayed. Rather than cut the
training, companies can try solutions such as
online or electronic training. As ASSE cautions,
“reducing or ignoring workplace safety should
not be a strategic or budget option. The
costs—both tangible and intangible—are far
too high and hard to recoup.”

In addition, companies must show support
for their employee safety during challenging
economic times. Employee morale may be low
and employees may be carrying additional
workloads. “To maintain long-term viability, a
company must maintain a solid safety process
even through difficult times. The most suc-
cessful companies in the long term also have
the strongest safety performance,” ASSE says.

mailto:dferguson2@san.rr.com
http://www.asse.org
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Injury Biomechanics

T he transportation engi-
neer (TE) may be con-
fronted with an injury
biomechanics problem
during a routine analysis.

Injury biomechanical issues facing
the TE can appear overwhelming,
but a practical and deliberate ap-
proach can put these issues in per-
spective. Injury biomechanics (IB)
involves the mechanisms of injury
and injury limits or thresholds from a
dramatic event. IB can determine the

Biomechanics is
the science of

action of forces
on the living
body. Injury

biomechanics
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injury and injury
limits or thresh-

olds from a
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probabilities of trauma based on the
forces, mechanisms and the current
health condition of a vehicle occu-
pant. IB cannot determine with
specificity whether a single specific
individual can be injured from a
given dramatic event but only in
terms of general probabilities.

Biomedical engineering pertains
to aspects of the biological sciences
that relate to or underline medicine
with regard to implants and devices

continued on page 16

Transportation engineers must be familiar with motor
vehicle occupant restraints and the method of deter-
mining the force exerted upon these components.
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(Stedman’s Medical Dictionary, Biomedical Engineering
Society & National Institute of Health). Biomechanics is
the science of action of forces on the living body. Bio-
medicine is the study of medicine as it relates to all
biological systems (American Heritage Dictionary). Bio-
metrics is the statistical study of biological data. Bio-
materials relate to orthopedics, cardiovascular, dental,
organ tissue engineering, cells, implants, etc. (Society of
Biomaterials). Orthopedic biomechanics address issues
of fracture fixation, implant fixation and wearing of nat-
ural and artificial joints (Journal of Biomechanics).

In many cases, the TE may be asked to team up with
a biomechanical engineer to create a more solid opinion.
Involvement in IB should begin with an understanding of
the terms used. The terms “stiffness” and “restitution”
refer to the various parts of the motor vehicle’s exterior
and interior. To arrive at the Delta-V of a harmful force,
these terms should be thoroughly understood along with
human anatomy and how human anatomy works.

The TE must be familiar with motor vehicle occupant
restraints and the method of determining the force exerted
upon these components from a motor vehicle collision.

These terms refer to the resistance to damage and
strength and are integral in determining the Delta-V of
force of any impact. Seatbelts and airbags can differ
greatly from vehicle to vehicle, and a complete under-
standing of their use and sensor systems are necessary
for an IB analysis.

Training programs are generally obtained through
educational degrees in the discipline, but seminars and
short courses are available through different professional
training programs at some universities and professional
organizations. Organizations that offer training include
the Society of Automotive Engineers, the International
Society of Biomechanics, the American Society of
Biomechanics and others. In determining what training
to take, one must be cautious of similar sounding course
training (i.e., biomedical engineering, bioengineering,
etc.). These types of courses are usually for persons
interested in the design and building of prosthesis and
medical devices.

PREPARATION & EXPERT TESTIMONY

IN TRAFFIC INJURIES

In IB, it is important to have a minimum of a degree in
this area plus special knowledge and experience. If one
does not have the required qualifications, the TE should be
familiar with the basic problems of determining IB proba-
bilities prior to accepting the case or at least refer the case
to a qualified IB expert. TEs who are qualified to deter-
mine forces, vectors, etc., of the collision can assist their
clients if they are open about their limitations.

Some attempt to testify as IB experts only to be
exposed as not having the qualifications necessary.
Qualifications must be in line with the doctrines set forth

by Kelly, Frye, Daubert and Kumho admissibility deci-
sions. These decisions specify what is necessary to qualify
as an expert and to be admitted to testify. Qualifications
are only a small part of the admissibility process. The
harder part for the IB expert is complying with reliable and
acceptable science. With the acceptance of the Kumho
doctrine, junk science has been put on trial and no longer
can a simple expert testimony be allowed based on basic
experience or education alone.

If a trial court allows testimony to be admitted with the
stipulation that the expert testimony “can be given the
appropriate weight by the jury,” this could be a reversible
error at time of appeal. Several appeals have demonstrated
that an expert must have the accepted qualifications to tes-
tify as an IB expert as well as overcoming the hurdle of
appropriate science and reliable methodology.

The reliable scientific methodology as defined by
courts means “testimony of knowledgeable experts,
authoritative scientific literature and persuasive judicial
decisions.” These three factors must be present to pro-
vide admissible testimony under the Kumho rules of sci-
entific evidence. If these factors are not presented to the
trial court and the trial court still allows the evidence to
be admitted, a challenge via appeal could be successful,
and the appellate court may determine the testimony was
reversible error and a new trial will be granted.

The three factors to offer reliable scientific evidence
are not as easy as they may seem. Expert knowledge
means a qualified expert in the field of IB. It usually
does not mean knowledge from seminars only. IB
authoritative literature is reliable scientific literature
relied upon by the expert. The literature must be repli-
cate and be relevant to the issues of the case. A court
should not admit scientific opinion that is based and
replied upon by ipse dixit (unsupported assertion by a
person of standing) of the expert.

An IB expert must also overcome the problem where
opinion is based primarily on dictum. The scientific
evidence on which the TE’s opinion is based must be
derived from a reliable methodology supported by expert
consensus, not only a few experts.

Judicial persuasiveness refers to any precedent of
which a replicate and relevant case was decided using
scientific literature contained in the current report under
court review.

Some courts found that education and training in the
fields of physics and engineering (and not IB) with only
basic training in anatomy, physiology, injury mecha-
nisms, etc., failed to establish the required foundation of
reliability for an expert opinion.

Some federal courts have allowed attorneys to sub-
poena documents of a biomechanical expert’s research
activities indicating the majority of the expert’s income
came from one industry source, which shows bias. The
documents showed the expert was hired primarily by one
industry source and the expert’s research was paid for by
that source in an amount of approximately $7 million
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dollars over an approximate 8-year period. The trial
court also consulted with its own hired biomechanical
expert who determined the biomechanical literature cited
and relied upon did not meet the standards of reliable
science evidence.

Cases exist in which TEs have been admitted by a
judge to testify outside of their professional expertise but
when involving IB, the opposition attorney will chal-
lenge the expert, especially if the case involves severe
injuries and a high dollar amount.

The IB expert should be trained in accident reconstruc-
tion since this is the centerpiece to determine the force and
vector of vehicle impacts. Tests to determine the injury
threshold cannot be performed on human subjects, and
consequently, threshold injury data severely lack in both
confidence and reliability as they relates to specific occu-
pant subjects. The best and most appropriate conclusion an
IB expert can state is the probability of injury, not a “yes”
or “no” of occupant injury. Most IB experts understand
that women have a lower threshold of injury given all
other data are equal. IB experts should be familiar with the
appropriate Health and Human Services Code of Federal
Regulations related to human testing.

DYNAMICS OF THE MUSCULOSKELETAL SYSTEM

The musculoskeletal system includes tendons, liga-
ments, fascia, cartilage, bone and muscle. Soft-tissue
injuries usually relate to tendons, ligaments, fascia and
muscle and can occur in minor or severe motor vehicle
impact, falls, etc. Functional units or joints (knees,
elbows, etc.) are necessary connecting points, which
allow linear body segments to move and interact.

Connective Tissue
Connective tissue of the body provides support, trans-

mits forces and maintains stability of body parts. Con-
nective tissue refers to bones, ligaments, tendons, fascia
and cartilage. Connective tissue is both cells and an extra
cellular matrix composed of fibers. The cells’ quality
determines the physical properties of this type of tissue.

Collagen
Skin, tendons and ligaments are considered fibroblasts

cells, which are loose connective tissue. Fibers within this
tissue are either collagen or elastic. Collagen has a high
tensile strength and is resistant to deformation. The three
types of collagen are Type 1 (found in tendons, ligaments,
bone, skin and loose connective tissue), Type 2 (found in
cartilage) and Type 3 (found in the walls of large blood
vessels). Elastic fibers have a low tensile strength, such as
a rubber band. Ground substance is sugar molecules linked
to a protein core, which are approximate 25% in cartilage
and only a few percent in bone.

LIGAMENTS

Ligaments connect bone to bones, which provide stabil-
ity through the joints and tendons attach muscle to bone,
which transmit force. The fascia is also a connective tissue

that covers organs or parts of organs and keeps them sepa-
rate within the body cavity. The fibers run parallel in ten-
dons, nonparallel in ligaments and irregular in the skin.
Each group of fibers creates strength of its own, which is
based on the fibers’ structure. Collagen fibers while under
tension first stretch slightly and then become stiffer until
failure. The fibers have a wavy pattern, which account for
the initial slight stretching until the wavy pattern is elimi-
nated. Elastic fibers stretch greater than collagen fibers and
can deform more. As the elastic fibers stretch, they reach a
point where they stiffen and failure occurs with little warn-
ing. Connective tissue gets its strength depending on the
number of collagen or elastic fibers contained in the tissue.

There is less collagen structure in ligaments when
compared to tendons, which accounts for the additional
elasticity of the ligaments and even more elasticity in the
fascia. If one views a stressed strain curve of the anterior
crucial ligament (knee), one can see a greater elasticity
as the ligament stretches and failure occurs within a
small range of continuing tension, giving little warning.

Tendons
Tendons are usually encapsulated in a synovium, sim-

ilar to the inner lining of joints and assist the tendon by
reducing friction, which otherwise is a problem. The
synovium, while assisting in reducing friction, produces
synovial fluid. Also within the synovium are crosswise
ligaments that act as pulleys and guide the tendon
through the synovium. Without this complicated biologi-
cal system, the tendons would chafe and soon handle
less force and fail. Synovial tendon sheets also exist in
the fingers and wrists, which act as a gliding pulley sys-
tem. This system is similar to carpal tunnel syndrome of

The musculoskele-
tal system includes
tendons, liga-
ments, fascia, carti-
lage, bone and
muscle. Soft-tissue
injuries usually
relate to tendons,
ligaments, fascia
and muscle and
can occur in minor
or severe motor
vehicle impact,
falls, etc.
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the wrist. The pulley system is crucial to the extension
and flexion of the fingers. If there is any obstruction or
frictional wearing of the parts, the system will break
down and fail in time. Inflammation in this area, such as
arthritis, greatly decreases the sliding and operation of
the system.

Cartilage
Cartilage covers bony surfaces to assist in ease of fric-

tion and movement. Cartilage is also found in the ear,
nose and spinal discs. Hyaline cartilage is an articulated
surface to assist movement, fibrocartilage is found in
spinal discs and elastic cartilage is found in the ear and
throat.

Bone
Bone is the structure by which the other body parts

obtain stability and stature. Long bones are found in the
extremities, and axial bones are found in the skull, verte-
brae, ribs, sternum and pelvis. Axial bones are flat, while
long bones are round and include a shaft. Cortical bone
is compact bone and is the outer surface. A long bone,
such as a humerus, will have cartilage on the ends to
produce less friction during movement. Bone consists of
a compact outer surface with a spongy inner surface
(cancellous bone).

Bones have different strengths depending on the min-
eral content and size. Anisotropic (properties that differ
in force measurement by location) cortical bone does not
have different strengths when tension is applied. A long
bone vertically can withstand a higher strain than bone
tilted 30º or 60º and horizontal or transverse. The porosi-
ty of cortical bone is 5% to 30% while cancellous bone
is 32% to 90%.

Both bones are anisotropic, which means their mechan-
ical properties are different when loads are applied in dif-
ferent directions. This can account for the fact that some
bones break with force where the same bone will not if
struck at an angle. The most important properties of bone
are its strength and stiffness. Cancellous bone often frac-
tures from tensile and compressive forces. The tensile
force is usually produced by contraction of the muscle,
which disrupts or tears the tendon and its adjacent bone.
Compression failure occurs from external loads, i.e.,
humerus fracture from a motor vehicle impact.

Bone as a whole can absorb more energy during a
longer loading time pulse as opposed to a quick load.
The limit of energy would be the fracture of the bone in
question. Bone is also subject to fatigue from repetitive
loading based on the value of the load, number of repeti-
tions and frequency of the loading. Note that bone is a
living material and small cracks are repaired overtime.
Experiments of bone failure on cadavers might have lim-
ited use.

Bone can be molded or change in size and shape based
on the stress and duration of the stress. The relationship
between change and stress is still unknown but could be
described mathematically. The skeletal system reaches its

maximum mass (strength) at about age 30 after which
bone loss occurs continuously. Gradual aging changes
normal bone into osteoporotic bone at an accelerated rate.
After age 30, little change in bone loss occurs in men
and women and then sharply increases for women after
menopause. Changes related to aging produce the follow-
ing results:

1) continuing decrease in mineral content;
2) cortical bone becomes thinner;
3) increasing diameter of long bones;
4) decreasing trabeculae (inner core of cancellous

bone) in cancellous bone.
For these reasons, bones are weaker and are fractured

more often after trivial trauma in older people, especially
women.

Muscles
Bones, which make up the skeleton, have muscles,

which are about 50% of the body’s weight. There are
approximately 400 muscles in the body, which have spe-
cific functions. If we were to think of the skeletal mus-
cles in terms of engineering, the muscles generate
moment arms. Tendons attach muscle to bone and may
traverse several joints. A voluntary nervous system, a.k.a.
somatic nervous system, controls muscles at one’s com-
mand. Muscles contract and extend depending on the
voluntary demand. Muscles operate through a mecha-
nism of movement, stimulation and energy. The mecha-
nism is the voluntary command, while the stimulation is
the actual contraction or extension.

The speed the muscle impulse travels along the nerve
fiber is proportional to the diameter of the fiber and
whether a fatty sheath surrounds it. Neurons of the mus-
cle are the cellular portion whereby the muscle demand
travels. Muscle fibers are found within a bundle and sev-
eral bundles may be found within the total muscle.

Muscles act much the way a rubber band would if it
were inside a conduit. This contact between the muscle
and the fascia reduces friction and allows for smoother
noninjurious chafing of the muscle fibers and tissues.
Muscles are controlled by a muscle unit, which differs in
the number of fibers within it. Smaller motor units may
be used for more precise or exacting maneuvers while
larger units are generally used for larger movements
where exacting tolerances may not be necessary.

For example, in the eye muscle, there may be only 10
fibers for each motor unit, while in a limb muscle, one
nerve fiber can supply 1,900+ muscle fibers. These fibers
within the motor unit when called upon react as a group,
not individually.

A simple muscle contraction takes place after the fol-
lowing events occur:

1) a chemical is released at the neuromuscular
junction;

2) the muscle membrane is free to react;
3) muscle fibers absorb calcium;
4) a further chemical reaction binds chemicals at a

specific location;
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5) muscle fibers begin to react from the chemical
stimulus;

6) fibers change configuration such as rotating or
pulling;

7) the muscle filament (sarcomere) begins to shorten.
Voluntary muscle action occurs from a stimulus vol-

untary or involuntary (i.e., reactive). Muscles are con-
tractors or extenders depending on the voluntary demand
required. A single movement can produce different mus-
cles in the same body segment to react differently. The
agonist is used to force the muscle into movement, while
the antagonist opposes the movement. This can be seen
by the simple flexion and extension of the arm. Upon
flexion the bicep contracts and the triceps attempt to
inhibit the movement (antagonist). During the extension
movement, the opposite occurs. The triceps contracts
while the bicep is the antagonist.

This can also be seen in flexion and extension of the
legs. Muscle force and contraction is divided into two
principles direction of force across a given joint. One
direction is along the bone, which is voluntarily moving,
which causes compression at the subject joint and the
other direction is perpendicular to the same moving
bone, causing rotation about the joint axis. The rotation
of the bone is known as a moment arms. The longer the
moment arms or bone, the greater the torque at the joint.

Muscle Types
Depending on their function, muscles have different

terms. Fusiform muscles provide fast acceleration during
movements (i.e., bicep). These muscles are shaped simi-
lar to pods where the ends are uniform in size and the
middle is bulbous. Penniform muscles contract over
short distances (i.e., deltoid). This muscle appears to be
similar in shape to the end of a cotton swab.

Joints
Muscles are used to move skeletal bones about joints.

Joints consist of synovial joints where no tissue exists
between the friction surfaces. Fibers joints have fibrous
tissue between the friction surfaces, which absorb ener-
gy. Cartilage joints use cartilage to connect the skeletal
bones. Synovial joints have a cavity where synovial
membrane or fluid is encased and act as a shock ab-
sorber with antifriction. Knee joints have menisci or a
fibrocartilage disc, which distributes loads and protects
the articulating cartilage. Many football players, espe-
cially running backs, suffer from damaged meniscuses
and cartilage from impacts to the knees, such as with
dashboards during a vehicle impact. If this injury is not
repaired properly, the person will not have regained full
use and strength to the specific body segment. This por-
tion of the knee and cartilage has elastic and viscoelastic
properties, in that the cartilage deforms from compres-
sion and damage will occur over time. Cartilage also has
tensile strength but is usually subjected to compression.

Joint Lubrication
The articulated surfaces of joints must be highly lubri-

cated for optimum movement and pain-free use. Lubri-
cation of cartilage provides joints with a sliding surface
lubricated by synovial fluid with a friction value of
0.002. If one compares a friction value of 0.03 for ice,
one can see the value of synovial fluid to possible fric-
tion damage (Chaffin, Andersson & Martin, et al., 1999).

Smooth steel and steel lubricated is said to have 0.05
coefficient of friction. It is useful to compare the lubrica-
tion of joints via synovial fluid to the hydraulic shock
absorbers on a motor vehicle where the fluid in the
shock absorber moves from chamber to chamber de-
pending on the force and direction applied. Unfor-
tunately, cartilage has no capillaries to produce healing
or regeneration and, consequently, medical intervention
is required.

Disc compression studies have shown that discs are
flexible at low loads and resistance increases at higher
loads. Other studies indicate that discs are particularly at
risk from lateral bending and rotation. Torsion is espe-
cially harmful to the disc and responsible for failure
when combined with compression. When compressive
loads to the lumbar are supplied, failure occurs in the
end plates in the vertebrae bodies and lastly in the discs
proper. Great variation exists among individuals and age
groups in equating moment rotation and force deforma-
tion of the disc segments.

APPLICATIONS & UNDERSTANDING

OF TRAFFIC INJURIES & BIOMECHANICS

When addressing IB, the TE must be aware of the
specific injury or injuries claimed so a comparison or
research relied on and used are relevant and replicate. A
research paper of a spinal injury in compression should
not be relied on if the injury does not have compression
as a mechanism. The mechanism of injury must be the
same or at least very similar to the mechanism of the
claimed injury.

TEs must at least be knowledgeable about IB if they
desire to address these issues when analyzing a traffic
collision with claimed injuries and the injury probability
given the available evidence. TEs who provide accident
reconstruction services would be well advised to become
familiar with IB since they will eventually be faced with
this issue. If the TE is not qualified as an expert, the TE
should at least obtain the necessary knowledge to be
familiar with IB research and limitations.

Many types of collisions require an IB expert (e.g.,
seatbelts, airbags, rollovers, “who was driving cases,”
low impact). Since these subjects are not directly part of
the TE’s curriculum, additional outside help should be
obtained. Many times, collisions are caused by roadway
design, driver inattention or excessive speed. TEs must
be able to determine scientifically what the probable
cause was and have some knowledge to help the client
understand the biomechanical mechanisms of injuries
claimed.

BIOMECHANICS
The moving
human body

P
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TRAFFIC INJURY RESEARCH

TEs must also be mindful of ongoing traffic injury
research and develop sources so the research can be pre-
sented in a written report. Research is a critical part of
IB analysis. Injury research is complex and demanding
the amount of IB research can be limited for some issues
and voluminous for others. The amount of research
depends on the amount of grants available and interest in
the specific research by industry. Some physicians with
no experience in impact biomechanics lack the necessary
background and qualifications to opine a causality and
injury mechanism, especially if their opinion is based
entirely on the history provided by the patient (Nahum &
Melvin, 2002).

IB research uses anthropomorphic dummies, human
surrogates, cadavers and human body parts in an effort to
simulate human conditions. The dummies may look and
feel like real humans, but in the real world, they do not.
Dummies do not have body fluids like living humans
and they cannot attempt to protect themselves from
impacts they see coming. Dummies are made from man-
made materials and will not fracture during real testing.
Dummies are best used to quantify the force from force
cells affixed to certain areas of the dummy.

Research documents will often use head injury crite-
ria to determine probability of injury. Current head injury
criteria and other like quantifying units of measurements
are based on manmade dummies and specific protocol
impact tests. These tests must always be reviewed with
skepticism when attempting to apply the results to a spe-
cific real-world impact and injuries. Current quantifiers
exist for whiplash probability and extremities, which also
should be reviewed carefully as to the replication of the
real-world collision reviewed.

Research reports are important when handling a
pedestrian collision since the mechanisms are different
than with an occupant inside a motor vehicle. It would
not be prudent to use research for injuries of vehicle
occupants to profile injuries to pedestrians and vice
versa. Research related to occupants who are unre-
strained or thrown from a rolling vehicle cannot be used
for a walk-in pedestrian struck by a vehicle. The injuries
are different from both impacts and, consequently, the
mechanics and probabilities differ considerably. Pedes-
trian collation impacts require the same dynamics for
any research considered since the dynamics must repli-
cate the pedestrian before and after impact.

OCCUPANT RESTRAINT SYSTEMS

Restraint systems were designed to offer a significant
degree of protection for the occupant during a vehicle colli-
sion. Unless the TE has the appropriate education and can
qualify as an expert in restraint system issues, the case
should be referred to a qualified person. Restraint systems
are usually the domain of the safety or automotive engineer
who usually has a degree in mechanical, automotive, safety
engineering or injury biomechanics. If the TE feels s/he can

qualify as an expert based on state and federal rules, then
the design and research into the occupant kinematics must
be understood and verified for a particular collision.

Occupant kinematics are related to the laws of
physics and as such can easily be explained by a TE,
which should be within the TE’s education of mechanics.
Everyone knows the value of seatbelts during a collision
and the resulting ride down time, which softens the
impact (Rivers, 2001; SAE, 1993 ). The seatbelt’s value
is reduced for softening and injury mitigation in collision
with an angle of impact greater than approximately 30º
from the vehicle centerline. In fact, seatbelts may pro-
mote a more severe injury because the occupant will be
out of position at impact. IB must be used only when the
crash or impact study will profile the subject impact and
injuries claimed.

Newer vehicles have pretensioners designed into the
seatbelts so at impact the seatbelts will pull the occupant
rearwards prior to the initial impact. Seatbelt pretensioners
may leave biomechanical evidence and suggest the type of
research that must be performed. Pretensioners use a
pyrotechnical device to fire the deployment. Each seatbelt
and airbag must be replaced after each deployment.

Airbags are another restraint system commonly called
a secondary system to the seatbelts. The TE must be
mindful of the biomechanics that may cause evidence of
injury and understand and interpret what this evidence
may mean. FMVSS 208 regulates airbags and the TE
should be familiar with these regulations so a thorough
analysis can be properly performed. Airbags only deploy
based on the degree and severity of the impact.

At times, the TE must determine who was driving a
vehicle and, therefore, be familiar with occupant dynam-
ics and impact biomechanics to opine in this type of case
(Cofone, 1997). While one may be familiar with vehicle
dynamics, the IB analysis is not something that can be
easily obtained.

TRAFFIC INJURY RISK ASSESSMENT

The assessment of injury based on impact biomechan-
ical data and studies should be consulted each time the
case is evaluated. The risk of injury is only a part of the
overall assessment since the real question is what is the
severity and what injury is probable given the subject
collision and force involved. If the TE can determine the
Delta-V based on vehicle damage or other methods, this
data can be given to an IB expert to calculate the proba-
bility and/or whether injury was possible.

The TE must be careful when deciding what studies
to use and rely on since each study will have a dis-
claimer. The disclaimer will usually discuss the study’s
shortfalls and limitations. These limitations should be
addressed during the analysis since they will eventually
surface at deposition or cross-examination at trial (Watts,
Atkinson, Hennessy, 1999).

Every person has his/her own predisposition to injury
and no two people will act exactly alike during an
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impact. As such, the TE must be cautious and not proffer
an opinion in favor of the client unless there is concrete
proof via replicate studies, etc.

Using human surrogates for research studies have
long been controversial topics. The Health and Human
Services Code of Federal Regulations does not allow the
use of humans for IB testing beyond the probability of
injury a person will sustain during everyday activities.
Given this regulation, the degree of severity as one can
easily understand these types of studies are questionable
at best and should be avoided (Druz vs. State Farm
Insurance). Assessment of injury does not necessarily
include the biomechanical calculations for probability of
injury. Most injury assessment will cover a general type
of injury, (e.g., vehicle, pedestrian, household, workers).
While these data could be valuable, they are not suffi-
cient to opine an IB conclusion. Risk assessment only
quantifies the likelihood of injury, not the severity and
specific anatomical body part.

Choosing a study to rely on depends on the number of
test subjects. Some IB studies have used five to six per-
sons, which is too small for any real statistical value.
Furthermore, these test subjects are usually robust healthy
individuals, which may not replicate the injured party of
the case the TE is analyzing. Also, if these test subjects
were current employees of the company performing the
tests, it would be wise to skip this type of study. Even if
subjects of small studies were combined, the protocol for
the different tests makes the total number of subjects irrel-
evant to a larger study.

To some, an important part of injury risk assessment is
the use of the Abbreviated Injury Scale (AIS). Many mis-
interpret or try to mislead courts and juries as to the proper
use and values given by the AIS scale. AIS has been des-
cribed as the mother of all injury scales. Society of
Automotive Engineers and American Association of
Automotive Medicine (AAAM) developed AIS from 1969
to 1971. AIS was originally used to determine energy dis-
sipation, permanent disability/impairment and threat to
life. In 1977, the only criterion was threat to life. Energy
dissipation was considered inappropriate and disability was
too complex (Hyde, 1992).

AIS scoring determines injury severity (threat to life)
by assigning a severity number and not by what was
damaged (diagnosis). AIS lacks any relationship between
the score value and impairment consequences. The score
disregards where in the body the injury occurred and the
injury type. AIS estimates the degree of threat to life, not
the impairment. Unless the Delta V of the subject impact
is known and can be related to the AIS score and AIS
Delta V, one cannot be sure of a replicate injury impair-
ment value. Injury scales are best used in triage where
threat-to-life situations exist.

Some believe that to reduce litigation, attorneys and
insurers should better evaluate the validity of the claim.
Evaluating validity requires an understanding of whether
the injury claimed proximately relates to the subject
impact. The background data for this type of evaluation
is not within the AIS scoring system. Other injury scor-
ing systems exist but have the same limitations.

HEAD & NECK INJURY TOLERANCE

Head and neck injury tolerance is an elusive value to
determine with a degree of certainty since most experi-
ments are not performed with humans. It is a violation to
expose humans to forces known to have a high probabili-

ty of injury. Head and neck injuries
occur when a motor vehicle occupant
is struck from the rear (whiplash),
sides or front. The head and neck
complex is not a fixed structure but a
system of cervical vertebra with an
approximate 10-lb mass on top.

In rear impacts, the torso will
move forward while the head, due to
inertia, tries to remain in the same
space occupied prior to impact. The
neck consists of 7 cervical vertebras
with discs and bony structure
(Backaitis, 1993). Muscles are used
to stabilize the bony structure and to

Head and neck
injuries occur when
a motor vehicle
occupant is struck
from the rear
(whiplash), sides
or front.

Motor vehicle crashes are one of the major causes of trau-
matic brain injury in the U.S. High-rate head accelerations
during crashes were contributed to the injury and associated
with excessive strains to the brain tissue. In particular, side
crashes often result in direct head impact with the vehicle
interior component or exterior object, resulting in severe
head/brain injury. However, the difference in head injury
biomechanics between crashes with head contact and no
head contact is yet to be clearly delineated.

Traumatic Brain Injury
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assist in the fluid movement of turning the head and
bending the neck.

Head impacts can affect the skull, facial bones and
brain tissue. This type of impact occurs when an occu-
pant strikes the interior surface of the vehicle. The head
and brain are more complicated and sensitive to the force
of impact than the neck system.

Head and neck systems can also be injured from falls,
motorcycle accidents, etc. The head is protected in motor
vehicle impacts by the head restraint and should be
spaced appropriately for a vehicle occupant (IIHS crash
testing). If the head restraint is too far from the head, the
acceleration force can be increased substantially and
cause injury with less velocity. The sternocleidomastoid
muscle when innervated can help reduce whiplash injury.

Occupants may claim TMJ injuries from a rear
impact, but no evidence shows that this occurs (Watts, et
al., 1999). These injuries are usually from impacts direct-
ly to the affected body part. It has been suggested that
clenching the teeth at impact induces TMJ, but there has
been no consensus of opinion on that issue to date.

Tearing of the bridging veins and subdural hematoma
injuries can occur from a relatively moderate impact.
Subdural hematoma is a swelling of the brain internally
so that the brain is subjected to pressure, which may
cause severe brain injury. In tests with cadavers when
bending movements of 80º in hyperextension or 60º of
lateral bending were exceeded, minor strain or injury
occurred (Nahum, et al., 1971).

It takes approximately 150 to 750 lb of force to frac-
ture facial bones, including the mandible (jaw bone). The
skull tolerance curves suggest skull fractures occur with-
in the range of 0.01 to 0.06 milliseconds. A brief impulse
required high accelerations, while longer durations
require less acceleration.

Brain injuries that occur without impacts are classi-

fied as coupe and counter coupe. This is a mechanism
whereby the brain strikes the inside of the skull, such as
when a person undergoes a severe deceleration.

THORAX & SHOULDER INJURY TOLERANCE

Thorax injuries refer to the torso, specifically the ribs
and the spinal column, which includes the thoracic, lum-
bar and sacrum vertebrae. The shoulder includes the
clavicle, scapula and connecting muscles. The spine has
a natural curve, which prohibits a strictly vertical spinal
column where the discs are lined up one under the other.
When standing or sitting, these discs are under compres-
sion and the fluid tends to move around the disc itself.

Injury to the thorax usually occurs with a frontal or
near frontal impact, when the torso moves toward the
force of the impact and contacts an internal part of the
vehicle. Depending on the stiffness of the interior part
struck, the injury will be minor or severe. Studies are try-
ing to determine the amount of padding for optimum
safety. In these types of impacts, the ribs or muscles will
fracture or be under strain and stress, which can cause
soft-tissue injury or severe injuries.

In severe side impacts without side airbags, the thorax
and shoulder can be severely injured from contact with
the near impact door or center console. Muscles can be
strained beyond their threshold and can be torn or
stretched, causing injury. In offset frontal impacts and
side impacts, the thorax spine can be twisted. This will
cause not only tensions, but also torque forces, which
can injure the spine at a lower force than nontorque
mechanisms. A force of approximately 900 lb can cause
soft-tissue injuries as well as rib fracture and sternal frac-
tures (Nahum, et al., 1971). Deflection is the mechanism
of this type of injury usually 3 in.

Spine discs contain fluid to make them pliable. Since
this fluid dries up with age, older occupants have a much
lower threshold of injury to the spine. Women have a
smaller neck structure and, therefore, are more prone to
whiplash injury than men. There is not complete agree-
ment in the biomechanical community on the mecha-
nism of injury for whiplash.

The spine is the most complex system of the human
body and most vulnerable to injury because of this com-
plexity and articulated parts. The vertebrae of the spine
consist of 24 sections. The thorax spine in the upper
torso can twist with human motion and is more suscepti-
ble to injury than the sacrum, which is nonarticulated.
The disc acts as a kind of shock absorber so the impact
force is dampened prior to reaching the bony part of the
spine (Nordin & Ozkaya, 1998).

As an articulated system, the spine must gain stability
and strength so it can resist minor injury from move-
ments or impacts. Stability is gained from the ligaments
and disc, which keep the spine aligned to help offset the
compression, tension and torque forces. Muscles help the
spine move and exert force when lifting and performing
tasks. A herniated disc is a common injury that is consid-
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ered by most a degenerative injury as opposed to a sin-
gle-event injury. While this may be true, a weakened
spine is highly susceptible to minor impacts.

The shoulder has muscles that give movement to the
upper extremity. If the shoulder is injured, the range of
motion will be greatly affected and the person disabled to
a greater extent than otherwise would be, considering the
possible injury mechanisms. All joints, including the
shoulder, have cartilage called menisci, which protect two
bony surfaces from friction wearing. Injury to the rotator
cuff of the shoulder is common and can severely disable a
person for some time. The shoulder is usually injured in a
side impact due to contact with the interior of the near side
door. The shoulder has joints, which are articulated and,
therefore, can be injured during any of the articulated
movements if the impact occurs during such movement.

The shoulder complex response in lateral impacts
shows a tolerance to an AIS 2+ for the 50th-percentile
male. It is 3.50 KN and has a pressure of 27 PSI over an
area of 29 sq in (King, Cavanaugh & Huang, et al.,
1993). In the same test, two other subjects received
injuries below the 3.50 KN force. This example indicates
that one cannot be certain with any degree of science
that this force will or will not injure a specific human.
The best one can say is the probability is for the 50th-
percentile male and is a theoretical threshold based on
prior tests from cadavers or math models.

EXTREMITY INJURY TOLERANCE

Extremities refer to the arms and legs, including the
occupant’s hands and feet. In vehicle impacts, movement
of the extremities occurs both at and post impact. The
arms flail about and can strike the interior of the wind-
shield causing fractures or carpal tunnel syndrome (CTS)
in some cases. Normally, CTS is a repetitive injury that
does not occur from a single impact, but it can happen so
ruling it out is not a good scientific approach.

During the flailing, the arms are not protected by seat-
belts or airbags. If the hands are on the steering wheel at
the time of impact, the force may cause the hands to
rotate around the steering wheel and can cause CTS.

The knee is designed to sustain large loads but is also
vulnerable to injury mechanisms. The knee joint con-
nects the distal femur with the proximal tibia and fibula.
The knee components are lateral and medialcondyle (the
distal end or femur), lateral and medial meniscus, liga-
ments of the tibial, fibular and patella, kneecap or patella
and quadriceps tendon.

The upper leg bone or femur is injured by either com-
pression into the dashboard or bending by an offset
impact. In either case, this long bone can be fractured.
Federal motor vehicle safety standards require that a
force of not more than 2,250 lb applied axially through
the femur will be tolerable. However, this is only a theo-
ry and not specific to any one person. In tests, fractures
occurred at forces below this arbitrary government stan-
dard (Roberts & Donnelly, 1987).

The lower leg has two long bones: the tibia, the larger
of the two, and the fibula. The tibia is considered the shin-
bone. These bones are joined at the knee joint or the distal
femur. Bending moments to cause a fracture of the tibia
range from 288 Nm for females to 317 Nm for males. The
mechanism of injury to the tibia can be from the floor-
board being deformed upward during the crush of the
vehicle’s floor pan. This injury mechanism can be from
compression, torque and bending separately or in combi-
nation. The force for fracture can be within the testing
ranges or may be even less depending on the specific
mechanism and the mineral content of the bone itself.

The elbow is like the lower leg joint in that is has two
lower arm bones and one large upper arm bone. The
elbow connects the proximal ends of the ulna and radius
with the distal end of the humerus. The point at which
the bones connect is susceptible to injury as is the knee
joint. The muscles give stability to the elbow. Tennis
elbow is normally caused by the constant use and flexion
of the elbow joint as in playing tennis.

Ankles can also be injured when the vehicle floor pan is
deformed upward in a collision, forcing the foot into inver-
sion or eversion. When this occurs, the foot and the ankle
are compressed into a smaller area at a force and time of
loading that can fracture bones or at least cause severe
strain and sprain, depending on the force, direction of
impact and current skeletal health of the occupant. The
severity and type of ankle injury can be reduced if the
occupant is wearing a seatbelt. The seatbelt will stop the
occupant from sliding forward as the floorboard crumbles
upward into the foot. The foot can be injured at the same
time the tibia is fractured since the force will usually act
axially on the tibia up to the patella.

LOW-SPEED IMPACT & WHIPLASH MECHANISM

Whiplash is a great potential for insurance fraud and
can greatly increase the cost of insurance for all con-
sumers. The problem is worldwide as evidenced by
Cupid’s (2002) research conclusion that “there is urgent
need to introduce accident reconstruction in the Carib-
bean. Insurance companies continue to receive a level of
practice that needs to be brought up to international stan-
dards.” The research associated with this type of problem
is of paramount importance. Millions of dollars in
healthcare and insurance costs could be saved and devot-
ed to better and more efficient safety equipment. Not
long ago, seatbelts were an option in automobiles
because the public was not made aware of the serious
consequences of not using them and little research was
conducted on occupant injuries related to seatbelts.
Motor vehicle occupant injuries cost our economy mil-
lions of dollars in medical treatment and lost work hours.

Pintar, Yoganadan & Stemper (2002) state a need for
“further research to better understand the biomechanics
of (motor vehicle injuries).” The importance of determin-
ing, with accuracy and reliability, whiplash injuries is
becoming increasingly important due to the rising costs
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to the workforce. Lawrence, King & Wilkinson, et al.,
(2002) state, “It is not known if the conclusions drawn
from (research) testing can be applied to higher severity
collations.”

The literature reviewed pertains to whiplash research
performed using cadavers, human subjects, animals and
anthropomorphic dummies. The research was found in
peer-reviewed research publications specific to the sub-
ject of whiplash mechanisms and tolerance. This review
was specific to the area of study of this project. Research
using cadavers is normally used because using human
subjects requires approval for such use. This approval
follows the guidelines set forth in the 45 CFR title part
46.110. The regulation requires that human test subjects
be exposed to “no more than minimal risk.” This regula-
tion defines minimal risk, as “the probability and magni-
tude of harm or discomfort anticipated in the research
are not greater in and of themselves than those ordinarily
encountered in daily life or during the performance of
routine physical or psychological examinations or tests.”
Research using cadavers is also regulated, but testing to
destruction can be performed, which is looked upon as
more meaningful then human research subjects and
anthropomorphic dummies.

Discs, which deform under constant load, suffer from
what is called creep. Tissues, which lose their elasticity
or energy from repeated cycling of loading and unload-
ing, are known to have suffered hysteresis. Ligaments
are said to have one axis and therefore resists loads in
only one direction. The muscles and skeletal frame,
including the spine where ligaments are attached, pro-
vide strength and stability. The strength of ligaments nor-
mally increase as the force increases, but this is not true
under normal range of motion.

Ligament sprains have three classifications—first,
second and third degree. Mild pain within 24 hours
where only one stress is applied is considered first-
degree. Disabled by pain with increasing pain and stress
is considered second-degree. Third-degree is complete or
near-complete rupture of a portion of the ligament.
Third-degree is also defined as the lack of load capabili-
ties. Strength can be defined as a percentage of youngs
modulus or elongation or the increase in length divided
by its original length times 100.

In the early 1950s, Severy and his team began whip-
lash experiments with anthropometric dummies and
some human volunteers. During these experiments,
measurements of Delta V, known as the change in speed
over time, were made for both the test vehicles and the
test subjects. The speeds for the rear impact tests were to
approximately 10 mph. The greatest finding during their
testing was that the occupant was exposed to a greater
acceleration than the vehicle itself.

For example, a Delta V of 8 mph exposed the occu-
pants head to 5gs, which is approximately 2.5 times that
of the vehicle itself. Other researchers have found that
human volunteers were exposed to head accelerations of

13-16.5gs at Delta Vs within the range of Severy and his
team (8 mph). Severy and his team hypothesize that if
there is minimal or no damage in a low-speed collision,
most of the force would be transferred to the occupants.

Since the 1950s, researchers have determined that a
safer vehicle would be one that has a crushed zone. A
crushed zone is a section, usually the front portion of a
vehicle, that is designed to absorb a maximum amount of
energy by deforming (plastic) the vehicle components.
Since the force of energy is determined by Delta V, over
time it is natural to decrease the force of energy by
lengthening the time of the crush. This crushed zone
absorbs energy so that less energy remains to cause
injuries to the occupants. During continuing experi-
ments, researchers determined that at approximately
9 mph, the amount of energy left for whiplash injury no
longer is linear with the Delta V. In other words, the
force does not increase with the same percent as the per-
cent of the speed increase.

Critics of Severy contend that his experiments were
with older vehicles, which were heavier and less com-
pressive then modern-day vehicles. While some of this
may be true, modern-day vehicles, while possessing
crush zones, also deform in a similar manner. Mathe-
matical modeling or computer programs have been of
great interest to researchers in an effort to become more
efficient. The amount of time and expense to constantly
use cadavers and human volunteers is expensive and
anthropomorphic dummies limit the quantity of the test
results since the dummies do not replicate the human
body tolerance. At present, there is no known computer-
modeling program that can replicate all the human vari-
ables of the many types, sizes and propensity for injury,
etc. of occupants involved in everyday collisions.

Regression equations are used to determine the best
fit for statistical analysis and help determine the degree
of accuracy of the analysis. Regression analysis is most
accurate when there are a large number of data to plot.
The smaller the population under study, the greater the
potential for error and deviation of the result. Designing
safe vehicles, safe equipment and workstations depend
greatly on the relative weights and ratios of body seg-
ments. The center of mass is crucial in slip and fall
injuries, since this is what swings when legs raise. It can
create an unbalance condition if it is not controlled dur-
ing the leg-swing phase of human motion.

Center of mass is determined in basically the same
way with most objects. With a living human, it may be
more difficult due to the complexity of the living person.
The basic method is to determine the point at which
equilibrium takes effect as with a simple playground
ride, the teeter totter. The human body, when thought of
as a stick person, can easily demonstrate the links and
rotation in the three degrees of freedom, X, Y and Z.
Movement of the hand and foot begin with the rotation
or torque of the link attached to it. For example, hand
movement (displacement) requires elbow, forearm and
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wrist movement. If the movement is
exaggerated, the movement of the
links would not only be larger, but the
upper arm and shoulder links may
become involved. The same is true of
foot and ankle movement.

When describing motion of the
human body, the terms could be con-
fusing. The terms are described as
anatomical positions. Flexion is a
movement of the head normally for-
ward or downward, while extension is
a movement of the head rearward.
Abduction is easy return to remember
since to abduct something means to
take away, so abduction would be
moving the leg away from the center-
line of the body. Pivot indicates rota-
tion or a movement up or down. Some
of the motion can occur in more than
one plane. To some, it is easier to think
of the movements in terms of a stan-
dard coordinate system.

Research into whiplash from rear-
impact responses indicate the size of
the occupants, age and gender as well
as many other variables are crucial in
a scientific analysis for any reliable
conclusion to be reached. The anthro-
pometry of the occupants, the stiff-
ness of the seat and head restraint and
the proximity of the head restraint to
the occupant are of paramount impor-
tance. Hybrid III dummies are consid-
ered responsive in rear-impact crash
testing although not totally replicate
of the human subject. Although more
recent dummies are designed to offer
different and perhaps improved fea-
tures for rear-impact assessment, no
general consensus exists for the use
of a particular dummy.

Sled impacts at 2.4 mph demon-
strate that forward-and-back motion
results in a force on the chest of approximately 4.5 gs,
while the same motion force on the head results in approx-
imately 5 gs (Tenser, 2004). These forces occurred over
approximately 100 milliseconds. True acceleration, mean-
ing from no motion to the top or peak force, is usually half
this time, approximately 50 milliseconds. This is important
since the calculation of this force is based on specific time
cadaver tests, which are without muscle tone. Volunteer
tests show greater muscle tone because volunteers are
aware of the impending impact. Upper and lower bounds
of intervertebral displacements of unprepared occupants of
real crashes occur because the occupants had no advance
warning of the impact.

The further the headrest is set back from the back of
the occupant’s head and the lower the top of the headrest
to the center of mass of the head, the greater probability
of injury (Dersosia, 2004). Injury criteria were for 5th-,
50th- and 95th-percentile dummies with head restraint
backsets of 0, 50 and 100 mm and head restraint heights
of 750 and 800 mm. These values clearly indicate one
method of mitigating possible injury. These values
demonstrate that the injury criteria change for each type
of criteria and anthropomorphic dummy size used. There
could be vastly different force values for the different
type of injury criteria and calculations used, which can
create confusion and speculation. Rear-impact kinemat-
ics is affected by variables such as headrest backset,

Figures 1-3 Delta V in Relation to Rear Crash
Distribution, Injured Occupants & Risk of Injury
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height, restraint interaction and anthropometry. Head
rotations can increase as the backset and height increase.

Seats are another variable that should be considered
when determining injury probability from whiplash.
Originally, it was thought that a softer seat would miti-
gate whiplash injuries, but it has been determined that
soft seats can increase the stored energy and rebound of
the torso in rear impacts. Harder seats present less
rebound from stored energy, but the torso upon initial
rear impact absorbs more impact force.

Figures 1, 2 and 3 (p. 25) indicate that rear impacts are
not just a matter of whiplash injury. These figures indicate
DeltaV at higher ranges produces a higher risk and conse-
quently a higher severity of injury. During our research,
individual cases reviewed showed older occupants experi-
enced spinal cord injury leading to paralysis in crashes that
would not cause injury in a young healthy occupant. The
crashes reviewed included multiple impacts and the seats
remained upright. Some rear impacts were followed by a
front impact or a front impact was followed by a rear
impact. The occupants’ movement could involve several
directions of neck loading and consequently could produce
several mechanisms. Spinal stenosis compromises the size
of the spinal canal sufficiently so that activities of daily liv-
ing can cause injury to the spinal cord. Older drivers and
crashes at less than 50 mph represent 65% of towaway
accidents (Viano, 2008).

BODY SEGMENTATION IN BIOMECHANICS

Anthropometry and occupant biomechanics is the
study and analysis of body segment in relation to popula-
tion. During biomechanics, analysis body segments are
treated as links in a chain, which represents the body as a
whole and a unit with quasimechanical properties. While
the human body may mathematically be considered as
having mechanical properties, it is very much unlike a
machine; its parts break and fracture more easily than a
machine part.

Muscles, tissue and bones do not have the compres-
sion or tensile strength of metal rods or chain. Anthro-
pometry restricts its focus to measuring, sampling and
categorizing human body segments. Anthropomorphic
data is necessary when designing machinery, worksta-
tions, automobiles, hand tools, etc. It has been said that
to design a product for the average person is to design a
product for no one. This means no average person exists.
While one may mathematically arrive at a 50th-per-
centile anthropomorphic measurement, this does not
mean that a person will fit all of the 50th-percentile
anthropometric data.

To further complicate data gathering, the safety engi-
neer or biomechanical engineer must consider the ethnic
population who will mainly use the end-result product.
To design a product or automobile for the American pop-
ulation using the 50th-percentile Asian data would be
grossly inappropriate and render inaccurate and potential
harmful results.

Body segment measurements must use the same
measuring process and procedure to arrive at identifiable
joint and limb locations. There is always some built-in
error to any measurements and, consequently, the vari-
ances should be presented along with the data. Another
problem with anthropomorphic measurements is finding
the joint’s center of rotation, such as a knee.

As the femur and tibia rotate, the center of rotation
changes slightly and so does the moment arm. Human
joints are not single-axis hinged joints. Some researchers
consider a single-hinged joint for kinematic analysis only,
not for biomechanical study. Once the joint’s center of
movement is known, link lengths can be determined and
proper analysis can begin. Some body segment links can
be defined by measurements between palpable bone loca-
tions. This method may result in an accuracy of 90% for
extremities. Some of the major body segment landmarks
can be obtained from most any general anatomic drawings.

Several types of anthropomorphic measurements
needed for analysis would be extremity link lengths to
bone length ratios (i.e., humerus link to humerus length).
A link is considered a body segment either measured or
determined mathematically from one joint to another.
While measurements of the segment length are straight-
forward, measurement of a joint to the body surface
(thickness) is also valuable data.

Distances between segment points or joints, known as
joint centers of rotation, should also be determined.
These measurements can be developed when the subject
is in various posture positions. Links or body segments
must have accurate and adequate definitions so that per-
sons reviewing the data will have an accurate method to
duplicate measurements. Common links include:

1) ankle to knee;
2) knee to hip bone;
3) wrist to elbow;
4) elbow to scapula.
Body segment measurements by volume and weight

are also valuable. Massive volume of various body seg-
ments have been determined by use of the amount of
water displaced by immersing cadaver body segments of
unknown weight. Body segment volume and weight is
not the only useful data. It becomes necessary at times to
determine a body segment’s center of mass. Cadavers
have been valuable in assisting in this center of mass
measurement.

Percentages of a body segment’s total body weight
can be obtained through water tank measuring systems,
cadavers or a dual water tank system. Various formulas
can be used to determine segment weight mass and cen-
ter of gravity. The correct formula can be found with
proper research. Moment of inertia of body segments is
another anthropomorphic measurement, which is used
during complicated analysis. Geometry teaches that iner-
tia is a product of the radius from the center of mass.
Knowing the weight or mass and the center of mass, the
body segment’s moment of inertia can be calculated
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One method used in evaluating body segments of
cadavers is the period of oscillation procedure. The
radius of the gyration as a percentage of body weight is
also valuable and is obtained from the radial distance
from the axis of rotation of a body segment. It can be
concentrated without moving the moment of inertia
(i.e., the square root of moment of inertia divided by
mass). The radius of gyration will differ depending on
the starting point (i.e., proximal or distal).

Body segment link lengths data are important when
considering equipment users. These segment data are
usually obtained from living subjects, but statistical
analysis can be performed as well. When all data are col-
lected, a table of the links can be created for various cat-
egories such as 5th, 50th and 95th. The area most subject
to error would be the torso since that body segment has a
higher variability than the others. Body segments are
usually measured in cm as is the standard deviation.
Vertebrae segments are measured from disc centers,
which are the center of the disc using a perpendicular
plane through the center of the adjoining disc.

Segment weight data are a portion of the overall body
weight. The segment weight is more difficult to determine
for living subjects. These measurements are stated in coef-
ficients or percentages of total body weight. Anthropo-
metry is a concentration of reliable measurements and
methods to relate body segments and human size as a link
or coefficients. This information is necessary to provide a
safer design of automobiles and other machinery. Measur-
ing techniques are also used to determine strength and
range of motion. Range of motion is critical since the
baseline of the range of motion will be used when the
medical assessment of the occupants is evaluated.

CASE STUDIES

A) Vehicle struck a roadside sign. This case involves
a two-vehicle collision at a four-way intersection.
Vehicle 1 was struck on the driver’s side rear door by
Vehicle 2, forcing Vehicle 1 to move to the right on the
grassy area off the roadway. A 10-year-old girl in the
rear passenger seat sustained a degloveing (peeling back
of skin) injury to her right dorsal hand area. A close
examination of the direction of degloveing indicates
anterior to posterior with no lateral or medial input.

After examining the accident scene, the vehicles’
speeds were determined and dynamics of the vehicles
were calculated. A determination of the cause of the
injury was a “School Bus Stop Ahead” sign placed too
close to the roadway and the intersection. It broke the
rear window and caused the girl’s injury. Had the sign
been moved down the roadside away from any reason-
able and forseeable hazard, such as an intersection
impact, this injury could have been avoided. The sign
should have been placed farther from the intersection
since intersection impacts are more common than single
impacts. Also, the angle and dynamics of the impacting
vehicles at an intersection are usually “T” impacts,

whereas on a straight roadway, the impact angle would
be different and the degloveing injury mechanism would
not be an issue. This case was decided by the use of a
traffic engineer for right of way and signage placement,
an accident reconstructionist and an injury biomechanist.

B) Whiplash injury. This collision occurred on an
urban street during stop-and-go rush-hour traffic. Both
vehicles were in the same lane and were only occupied
by their drivers. The driver of Vehicle 1 applied the
brakes since traffic ahead was slowing. The driver of
Vehicle 2 also applied the brakes but was unable to stop
in time and impacted Vehicle1 in the rear. Upon exami-
nation of both vehicles, there appeared to be no serious
damage to the front of Vehicle 2 and damage to the rear
of Vehicle 1 was confined to the bumper displaced for-
ward, which damaged the fender panels and vehicle
frame. During the examination, it was determined that
the rear bumper was displaced 1.5 in. on the left and
0.5 in. in on the right, averaging 1 in. This observation
indicates the force of the impact was more on the right
side than the left. The driver of Vehicle1 sustained a
twisting or torque motion as well as the typical anterior
posterior movement of the head.

Vehicle 1’s headrest was not an integrated head rest and
was in the full down position. This low head rest caused
the head of the driver to be displaced and rotate rearward
in hyperextension. The headrest for optimal protection
should be at a height equal to the center of mass of the
head and within 2 to 3. In his statement, the driver of
Vehicle 1 stated he was pushed forward at impact. A kine-
matic analysis determined the driver would have been dis-
placed rearward into the back of the seat. The perception
of moving forward is consistent with the driver’s vision
focused outside of the vehicle at impact and the objects
outside moving closer. In other words, the driver would
move forward or backward depending on the perception
inside or outside the vehicle. In reality, the driver would
move forward in relation to the earth and rearward in rela-
tion to the interior of his vehicle.

During analysis of the damage to both vehicles, the
vehicles’ speed was determined through stiffness and
restitution calculations. This was not the impact speed of
both vehicles but the change in velocity or Delta V. The
driver of Vehicle 1 stated there was an approximate 5-ft
gap between both vehicles after they came to rest. A
deceleration factor was arrived at for both vehicles since
no skid marks were available. Performing typical acci-
dent reconstruction, the ranges of speeds for Vehicle 2
were calculated. The driver of Vehicle 2 stated he was
approximately 15 ft behind Vehicle 1 and considering a
perception reaction time of approximately 1.5 seconds,
there would be insufficient time for the brakes to retard
the vehicle based on the calculated impact speed of
Vehicle 2 of between 11 and 15 mph.

As a vehicle is rear-ended, the occupant of the struck
(target) vehicle moves forward with the vehicle and the
seat. The occupant’s unsupported head moves rearward
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while the torso moves forward with the vehicle. This
movement is called whiplash. The car, seat and torso and
head are moving forward and differential motion causes
the head to rotate. Kinematics and biomechanics suggest
that the typical head moves at approximately 0.56 times
the speed of the neck/shoulders. If the Delta V of the
vehicle and the torso is 11 mph, the head moves forward
at 6.16 mph and rotates rearward at 4.84 mph. The typi-
cal length from the pivot on the neck to the CM of the
head is approximately 7 in or 0.58 ft for an adult. The
rotational rate is approximately 12.2 radians per second
(7.1fps/0.58 ft). One radian is equal to 57.3° and would
indicate the rotation is approximately 701° per second. A
normal head bottoms out at its natural limit of rotation of
approximately 60° and this can occur in approximately
0.086 seconds, much too fast for anyone to innervate
their muscles. The head then flops like a rag doll.

In the absence of a well-positioned headrest, no other
mechanism can stop head rotation. The cervical spine
then sustains the force. Biomechanical studies using
cadavers show that when the neck reaches its maximum
hyperextension, any increase in motion beyond approxi-
mately 60° will also rapidly force. Biomechanics pro-
vides a basic understanding of damage to ligaments,
muscles, discs, etc. The head moves slower than the
torso at the beginning of the impact then must eventually
catch up to the torso. The head force increases over a
small rotational angle. If a head weighs approximately
10 lb, the Delta E or changing energy is approximately
27.8 ft lb for a Delta V of 11 mph.

If one considers the dynamics of the head moving no
more than about 15° beyond its natural limit with a
torque arm of 0.58 ft, the stopping distance is about 1.82
in. Given this stopping distance and the changing energy,
the approximate average force acting perpendicular to
the cervical axis is 183 lb. Biomechanical studies indi-
cate a safe envelope of rotational force is 190 lbs or less,
but this is based on healthy living males or male cadav-
ers with no preexisting injury. This calculation also
ignores any lateral twisting or seat bounce. Seat bounce
has been noted to increase the load by a factor of 1.3 and
in this case to approximately 238 lb.

The conclusion of this analysis indicates that if the
driver of Vehicle 1 were female, the threshold of injury
would normally be below these forces and could possi-
bly cause injury. If the Delta V is below what was calcu-
lated, the force would be reduced to within the tolerance
envelope. A traffic engineer/reconstructionist was used to
determine the vehicle forces and dynamics while biome-
chanics was determined based on the reconstructionist’s
calculations. Traffic engineers can assist with the biome-
chanical review.

C) Carpal Tunnel Syndrome Injury. Vehicle 1 was
stopped behind a flatbed trailer, Vehicle 2. Vehicle 3 rear-
ended Vehicle 1. Forces of the impact indicated minor
damage with only a small imprint on Vehicle 1’s rear
bumper. The driver of Vehicle 1 stated his arm hit the
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dashboard upon impact. The struck vehicle was a flatbed
trailer struck by a passenger vehicle. The driver of
Vehicle 1 stated there was an 8 to 12 ft gap post-impact
between Vehicle 1 and Vehicle 2. No skid marks were
noted. The impact appeared to be a full bumper impact
with slight evidence on the front bumper of Vehicle 1
showing greater damage on the left side. The driver of
Vehicle 1 stated that upon impact with Vehicle 3, he was
pushed forward 6 to 10 ft. This was insufficient to reach
and strike the rear of Vehicle 2, the flatbed trailer.

The typical kinematics for the driver of Vehicle 1 was
for him to move back into his seat in relation to the inte-
rior of the vehicle. After inspection of all vehicles, it was
determined that neither vehicle exceeded its bumper
limit at the time of manufacture of 5 mph. The weights
of the vehicles and occupants were considered in analyz-
ing this collision and the speed to avoid bumper damage
was determined to be between 8.6 and 8.9 mph. A light
braking factor was determined for Vehicle 1 and an ini-
tial travel speed of 11 mph was determined given a stop-
ping distance of 8 to 10 ft. A higher braking factor for
the larger Vehicle 3 was used but was still below that
which would produce a skid mark.

The typical kinematics and biomechanics movement
of the occupants are analyzed and considered for the
purpose of considering CTS injury for the front right
passenger of Vehicle 1. At impact, the torso of this occu-
pant would move back into the seat and the seatback
would act as a spring and accelerate the torso to a speed
greater than the car (seat bounce). The seatbelts from
studies are believed to be 1.3 to 1.4 times that of the
vehicle and if the seatbelt does not lock up quickly, the
body can be thrown forward into the steering wheel. The
arm of the occupant could continue toward the dash-
board at the higher bounce speed and consequently con-
tact a hard obstruction. The entire left arm was approxi-
mately 7.7 lb and some of the upper torso about 16 lb for
a total of approximately 24 lb. Considering the speed of
the arm into the dashboard, the kinetic energy can be
substantial. For example, at 3.9 mph or 5.7 fps, the kinet-
ic energy is about 12.2 ft-lb. The actual stopping distance
from a straight arm maneuver is only about 0.5 in. Given
these parameters, the force generated is approximately
146 lb and a peak force can be almost twice that.

In an impact of this nature directly on the wrist (pal-
mar side), the force is high and will be concentrated at
the carpal tunnel area. This impact could cause damage
to the cartilage or severe jostling of the bones in the total
area, causing impingement of the median nerve. Based
on this type of analysis, CTS can likely occur.

This case was assisted by a biomechanist who con-
sulted with a reconstructionist and traffic engineer. The
engineer performed calculations of the vehicle speed and
dynamic and helped the biomechanist determine the
occupant’s kinematics.

D) Parking Lot Impact. This impact occurred with
Vehicle 1 parked in an angled parking space facing a
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store. Vehicle 2 was exiting and backed into the left rear
side of Vehicle 1. The vehicle damage was near the left
rear and the left rear wheel respectively for Vehicle 2 and
there was some counter-clockwise rotation. No skid
marks were noted and vehicle dynamics are unknown,
the analysis must be based on energy of crush. The crush
of the struck vehicle measured approximately 14 ft long
with the depth of approximately 2 in. The estimated
force to cause the damage was approximately 8,000 lb
considering the rigidity of the metal with the length and
depth of the damage. The same process was used for
both vehicles.

The approximate center of mass of the struck vehicle
was determined and, consequently, the rotation from the
impact considering the center of mass was determined.
The occupant’s movement was determined at approxi-
mately 2.4 mph relative to the vehicle’s center of mass.
The force exerted on the occupant was determined to be
0.2 mph to the left and approximately 1.7 mph to the
rear. The degrees and speed were considered pertaining
to the kinematic occupant movement.

A concussion was claimed and biomechanical studies
were reviewed. A concussion can occur with an impact into
a rigid object at approximately 12+ mph. The government
head injury criteria program included a value of approxi-
mately 1,000, which represents a probability of head injury
from either brain or spinal damage of about 18%.

A conclusion for the probability of injury using stan-
dard accident reconstruction and biomechanics demon-
strates the probability of injury in this instance is incon-
sistent with the facts. The traffic engineer and recon-
structionist were instrumental in determining the speeds
and dynamics and worked with the biomechanist on cal-
culated values and vehicle parameters. �
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