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Estimation of the kinetic energy dissipation in fall-arrest system and manikin during fall impact

John Z. Wu*, John R. Powers, James R. Harris and Christopher S. Pan

National Institute for Occupational Safety and Health, Morgantown, WV 26505, USA

(Received 23 April 2010; final version received 15 December 2010)

Fall-arrest systems (FASs) have been widely applied to provide a safe stop during fall incidents for
occupational activities. The mechanical interaction and kinetic energy exchange between the human body and
the fall-arrest system during fall impact is one of the most important factors in FAS ergonomic design. In the
current study, we developed a systematic approach to evaluate the energy dissipated in the energy absorbing
lanyard (EAL) and in the harness/manikin during fall impact. The kinematics of the manikin and EAL during the
impact were derived using the arrest-force time histories that were measured experimentally. We applied the
proposed method to analyse the experimental data of drop tests at heights of 1.83 and 3.35 m. Our preliminary
results indicate that approximately 84–92% of the kinetic energy is dissipated in the EAL system and the
remainder is dissipated in the harness/manikin during fall impact. The proposed approach would be useful for the
ergonomic design and performance evaluation of an FAS.

Statement of Relevance: Mechanical interaction, especially kinetic energy exchange, between the human
body and the fall-arrest system during fall impact is one of the most important factors in the ergonomic design of a
fall-arrest system. In the current study, we propose an approach to quantify the kinetic energy dissipated in the
energy absorbing lanyard and in the harness/body system during fall impact.

Keywords: fall-arrest equipment; energy; impact; drop test; lanyard

1. Introduction

For many years, fall-arrest systems (FASs) have been
deployed to provide a safe stop during fall incidents.
Different federal regulatory agencies or consensus
standard organisations recommend or mandate the
use of an FAS in certain cases. For example,
Occupational Safety and Health Administration
(OSHA) regulations (1926.451 (g) (1) (vii)) mandate
the use of personal fall-arrest systems or guardrail
systems as primary safety controls for scissor lifts
(OSHA, 1998), which are designated as mobile
scaffolds under OSHA regulations (OSHA, 1999). It
is widely acknowledged that the dynamic performance
of an FAS is important for personal safety. However,
despite numerous fall tests and measurements of the
FAS by different manufacturers and researchers over
the past 60 years, much is still unknown regarding
kinetic energy dissipation during fall-arrest impact.

Since it is generally accepted that it is the maximum
impact force and maximum acceleration that cause
death and injuries in falls (e.g. De Haven, 1942;
Glaister, 1978; King, 1993), previous studies of FASs
concentrated mostly on impact force and acceleration.
From the early studies conducted by the Boeing
company in the 1960s (Boeing, 1967), the early analysis
by Wang (1977), and more extensive studies by

Sulowski and Brinkley (1990), to the most recent
studies by Baszczynski (2004), all previous
investigators analysed mainly the time histories of the
accelerations and forces and their dependence on other
factors, such as weather conditions (Baszczynski, 2004)
and test surrogates (Riches, 2002). The testing
instrumentation and requirements of FASs have been
specified in the current US consensus standard –
ANSI/ASSE Z359.13 (American National Standards
Institute & American Society of Safety Engineers,
2009) – to quantify these parameters in experiments.
Specifically, sampling frequencies of at least 1000 Hz
are required with a response band corner frequency of
100 Hz; the load cell for measuring maximum arrest
force must be able to capture peak loads of at least
15 kN; and the minimum natural frequency for the
drop test structure should be 200 Hz. All these
previous studies and standards contributed to refining
the techniques so that current drop tests can reliably
measure impact forces and accelerations during impact
falls.

An FAS typically consists of three parts (Riches,
2002): a full-body safety harness, a lifeline, and
connectors. The safety harness is worn by the worker
and is used to distribute the dynamic loading to the
human body and to maintain the human body in an
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erect position with the head pointing upwards after a
fall. The dynamic forces will be distributed to the sub-
pelvic region of the body during a fall impact by
wearing the full-body harness. The vital element of an
FAS is the lifeline, which typically contains a lanyard
and an energy absorber – frequently called an energy
absorbing lanyard (EAL). The EAL absorbs the kinetic
energy of the impact fall and also helps limit falling
distances. During the deceleration phase of the fall, the
EAL deploys and impact energy is dissipated in the
EAL. The EAL helps reduce the kinetic energy
absorbed by the human body, thereby reducing the
impact force. The kinetic energy absorbed in the EAL
is one of the important parameters for the dynamic
performance of an FAS.

It is generally recognised that the interaction
between the human body and a full-body harness is
one of the most important factors that affect the
performance of the fall-arrest system (Hsiao et al.
2003). The fitting of the harness to the body may
influence the distribution of the impact force on the
human body, thereby affecting impact kinetic energy
exchange between the fall-arrest system and the human
body. Sizing and fitting of the fall protection harness
have been extensively investigated in previous studies
(Hsiao et al. 2007, 2009b,a). However, how the sizing
and fitting of a fall-arrest harness would influence the
FAS’s performance has not yet been evaluated
quantitatively.

In a few studies (e.g. Gravitec, 2007), the kinetic
energy dissipated in the EAL has been quantified. The
energy absorbed in the EAL was usually estimated by
using the product of the average arrest force and the
deployment stretching of the EAL in previous studies.
Physically, such a calculation is precise only when the
deployment force does not vary with the deployment
distance during the impact. The dynamics of the FAS
and the human body during fall impact have not been
systematically analysed theoretically. The purpose of
the current study is to analyse the mechanical
interaction and the kinetic energy exchange between
the human body and the fall-arrest system during fall
impact. Specifically, we are going to develop a
systematic approach to evaluate the kinetic energy
dissipated in the EAL and in the manikin during fall
impact.

2. Methods

Dynamics of a drop test

In any moment t during the drop of a test surrogate
(Figure 1A), the dynamic balance of the test surrogate
is formulated as follows:

TðtÞ þ FeðtÞ �mg ¼ maðtÞ; ð1Þ

where m and a are the mass and acceleration of the test
surrogate, respectively; g (¼9.81 m s72) is the
gravitational acceleration due to the Earth; T is the
arrest force in the lifeline, and Fe is the support force
that holds the fall surrogate before the drop. The
effects of air friction are neglected in the analysis.

Assuming that the measurements are begun at
t ¼ 0, that the supporting system is released at t ¼ t0,
and that the test surrogate begins to fall immediately
after the release of the supporting system, Fe can be
precisely defined in an experiment. For 0 5 t � t0,
a ¼ 0 and Fe ¼ mg; and for t 4 t0, Fe ¼ 0. Therefore,
there are only two variables, T and a, which govern the
dynamics of the test surrogate during the drop and
impact. In fact, we need only one of these two variables
to describe the dynamics of the test surrogate, because
T and a are co-related via Equation (1). If the body
acceleration a is measured in a test, the arrest force T
can be determined by

TðtÞ ¼ m½aðtÞ þ g� � FeðtÞ: ð2Þ

Figure 1. Modelling of the fall-arrest system (FAS).
(A) Dynamic force balance in a typical fall-arrest test. (B)
Modelling of the energy absorber lanyard (EAL) for the drop
test. The falling manikin has a mass m and acceleration a.
The fall is arrested by force T and the manikin is supported
by the electro-magnetic force Fe before the drop. The EAL is
mechanically equivalent to a nonlinear spring/damper
element, whereas the manikin is mechanically equivalent to a
system composed of a dead mass and a nonlinear spring/
damper element. The total stretching of the fall system St

consists of the stretching of the lanyard Se and the stretching
displacement of the harness/manikin Sb.
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If the arrest force T in the lanyard is measured, the
body acceleration a can be determined as well:

aðtÞ ¼ TðtÞ þ FeðtÞ �mg

m
: ð3Þ

The tension in the lanyard, T, is equal to zero when
it is relaxed. Assuming that the tension in the lanyard
develops for t � ti (T ¼ 0 for t � ti and T � 0 for
t 4 ti), Equation (3) is rewritten as

aðtÞ ¼ TðtÞ �mg

m
; for t > ti: ð4Þ

It is to be noted that, during a drop test, a(t) starts
to increase from 7g at t ¼ ti and T ¼ 0, it crosses zero
at ta when T ¼ mg, becomes positive with T 4 mg,
and tends to become zero again at t ! ? with
T ! mg.

We are only interested in the dynamics of the test
surrogate for t 4 ti in the analysis, since the kine-
matics of the surrogate for t � ti is well defined:

a ¼ 0; t � t0
�g; t0 < t � ti:

�
ð5Þ

For t 4 ti, the kinematics of the falling subject are
determined from Equation (4):

vðtÞ ¼
Z t

ti

TðtÞ �mg

m
dt� gðti � t0Þ ¼ �vðtÞ þ vi ð6Þ

sðtÞ ¼
Z t

ti

�vðtÞ dt� 1

2
gðti � t0Þ2 ¼ �sðtÞ þ si; ð7Þ

where v(t) and s(t) are the speed and displacement of
the falling body, respectively; vi ¼ 7g(ti7t0) and
si ¼ � 1

2 gðti � t0Þ2 are the initial speed and displace-
ment, respectively, before the tension in the lanyard
develops; and

�vðtÞ ¼
Z t

ti

TðtÞ �mg

m
dt and �sðtÞ ¼

Z t

ti

�vðtÞ dt:

Assuming that s(t) reaches its maximum, sm, at
t ¼ tm, the kinetic energy dissipated in the falling
system during the impact, Et, can be theoretically
calculated by Et ¼

R sm
si

TðsÞ ds with si ¼ s(ti) and sm ¼
s(tm) being the displacement at the start of EAL
stretching and at the maximum of s(t), respectively. In

practical applications, the start of the lanyard stretch is
difficult to determine precisely, because there is
substantial noise when the tension in the lanyard starts
to develop from zero. Therefore, the stretch period is
defined from ta to tm; i.e. the period during which the
tension in the lanyard increases from T(ta) ¼ mg:

Et ¼
Z sm

sa

TðsÞ ds; ð8Þ

where sa ¼ s(ta); and ta is the time when the
acceleration reaches zero or when T ¼ mg.

The relationship between the tension and
displacement, T(s), can be obtained by eliminating
time, t, using s(t) obtained from Equation (7) and T(t)
measured in the experiment. The maximal
displacement, sm ¼ s(tm), can be determined by finding
tm from v(tm) ¼ 0.

From a mechanical point of view, the entire falling
system consists of the energy absorber (EAL) and the
falling body, as illustrated in Figure 1B. The entire
kinetic energy during the impact is dissipated partially
in the EAL and partially in the falling body, i.e. in the
safety harness system and in the soft tissues of the
human body. It is technically difficult to determine
precisely the time history of the stretch of the EAL
during the impact. If the maximal stretch of an EAL is
known, the time histories of EAL stretching during the
impact can be estimated by assuming it to be
proportional to the stretch displacement of the mass
centre (st(t)):

seðtÞ ¼ LEAL
sðtÞ � sa
sm � sa

sbðtÞ þ seðtÞ ¼ stðtÞ ¼ sðtÞ � sa;

ð9Þ

where LEAL is the maximum stretch of the EAL;
sa ¼ s(ta) and sm ¼ s(tm) are the displacements of the
mass centre at t ¼ ta and t ¼ tm, respectively; se(t),
sb(t) and st(t) are the time histories of the stretch
displacement of the EAL, the stretch displacement of
the harness/manikin body, and the total stretch
displacement at the mass centre during the
impact, respectively, as illustrated in Figure 1B. It
is to be noted that the stretch of the EAL, se(t),
increases from 0 to LEAL during the time period from
ta to tm.

Consequently, the total impact kinetic energy Et

and the kinetic energy dissipation in the EAL, Ee, and
in the falling body, Eb, can be calculated by

Et ¼
Z sm

sa

TðsÞ ds ¼ Ee þ Eb; ð10Þ
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where

Ee ¼
Z seðtmÞ

seðtaÞ
TðseÞ dse; Eb ¼

Z sbðtmÞ

sbðtaÞ
TðsbÞ dsb: ð11Þ

For a given t, se(t) and sb(t) are determined via
Equation (9) and T(t) is known from the experimental
data. The relationships, T(se) and T(sb), can be found
numerically and plotted graphically.

If the air friction is neglected, the power absorption
in EAL (Pe), in the falling body (Pb), and in the entire
falling system (Pt) can be estimated by

Pe ¼ T
dseðtÞ
dt

; Pb ¼ T
dsbðtÞ
dt

and

Pt ¼ T
dsðtÞ
dt
¼ Pe þ Pb: ð12Þ

2. Experimental set-up and procedure

The experimental set-up is illustrated in Figure 2. An
advanced dynamic anthropomorphic manikin (Large
ADAMTM, Veridian, Dayton, Ohio, USA) was used as
the test surrogate in the study. The manikin has a mass
of 108 kg and a height of 1.88 m. The manikin
accelerations were measured via built-in uni-axial
accelerometers (Entran EAX series) at three locations,

i.e. at the head, middle of the spine, and torso. The test
manikin was dropped from a scissor lift (Model
SJIII3219, SkyJack, Guelph, ON, Canada). The scissor
lift was lifted to its full height extension of 5.79 m and
the base was secured to prevent tip-over. The drop test
data used in the current analysis were obtained in our
previous study to evaluate the FAS influence on the
stability of the scissor lift (Harris et al. 2010).

Before the drop test, the manikin was held by an
electro-magnetic drop control mechanism that was
attached to a 49 kN crane. The crane could move the
manikin to control the dropping height, as well as to
adjust the drop location.

Standard energy absorbing lanyards (EALs)
(WorkmanTM, Model 10072474, MSA, Pittsburgh,
PA, USA) and matching safety harnesses
(WorkmanTM, Model 10072479, MSA, Pittsburgh,
PA, USA) were used in the study. A load cell (13.4 kN,
S-type, Interface Inc., Scottsdale, Arizona, USA) was
placed in line with the energy absorbing lanyard to
measure the arrest force, as shown in Figure 2B. The
lanyard was connected at the midspan of the top-rail.
The load cell was connected to the lanyard via a sling
hook, which may slightly contact with the guardrail
during the test. The hookup location of the load cell
and the lanyard was carefully kept aligned during the
test, so that the effect of sling hook–guardrail contact
on the force measurement was negligible.

Figure 2. The experimental set-up for the fall-arrest test. An advanced dynamic anthropomorphic manikin (Large
ADAMTM, Veridian, Dayton, Ohio, USA) was dropped from a scissor lift (Model SJIII3219, SkyJack, Guelph, ON, Canada).
(A) The scissor lift and the manikin. (B) Attachment of the load cell and energy absorbing lanyard (EAL) to the scissor lift.
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The length of the EAL was measured manually by
using a steel tape before and after the drop tests. The
length difference was considered as the stretch of the
EAL, LEAL. In the length measurements, each of
the EALs was hung on a stable structure with an
attached rigid weight that was equivalent to the body
weight of the manikin.

The test system was controlled by a computer via a
LabView (version 7.1, National Instruments, Inc.,
Austin, Texas, USA) program. The program was
used to trigger the data acquisition as well as to
control the release of the electro-magnetic drop
mechanism. The drop test was initiated remotely via
the control computer by a test engineer. The force data
was sampled at 1000 Hz, whereas the ADAM accel-
erations were sampled at 10,000 Hz. The manikin was

dropped from two different heights with nominal
drop heights of 1.83 and 3.35 m. The nominal drop
height of 3.35 m represents the drop distance that an
operator standing on the midrail of the scissor lift
would fall.

3. Results

The time histories of the support force, body
accelerations, and arrest force for the h1 and h2 drop
tests are shown in the left and right columns of
Figure 3, respectively. In order to illustrate the data
processing procedure, we set t ¼ 0 at the start of data
recording. In these figures, the time histories of the
support force Fe(t) are prescribed and the time histories
of the body acceleration a(t) are measured

Figure 3. Representative time histories of support force Fe, body acceleration a, and arrest force T for the
drop test. The support force was prescribed and the acceleration was measured, whereas the arrest force was calculated.
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experimentally, whereas the time histories of the arrest
force T(t) are calculated via Equation (2). The figures
show that the fall of the manikin starts at t ¼ t0, when
Fe(t) becomes zero.

The arrest-force values calculated using the kine-
matic data are compared with those measured directly
via the load cell for the h1 and h2 drop tests, as shown
in Figure 4. Our results show that the peak values of
the calculated arrest forces differ from those of the
measured arrest forces by less than 5%.

Using the time histories of the arrest forces, which
were measured via the load cell, the time histories of
the acceleration, speed and displacement of the falling
manikin were calculated using Equations (4) and (6)–
(7). The arrest force, body acceleration, speed and
displacement for the h1 and h2 drop tests are shown in
Figure 5 in the left and right columns, respectively. The
time when the tension in EAL starts to increase (ti), the
time when the body acceleration becomes zero the first
time (ta), and the time when the falling manikin reaches
its extreme position (tm) were identified from these
analyses.

The body accelerations calculated using the force
data differ from those measured directly via the
accelerometers mounted on the manikin by less than
10% at peak and by less than 5% at EAL deployment,
as illustrated in Figure 6. These results suggest that
the dynamics of the falling body could be predicted

using the arrest-force data within an acceptable
error range.

The period of the EAL deployment is defined as the
time period between ta and tm, as marked on the time
histories of the arrest force for the h1 and h2 drop tests
in Figure 7A. Both the results of the h1 and h2 drop
tests showed that the stretch periods end when the
arrest forces just pass their maximum points.

The travel distance of the falling body and the
stretch of the EAL during the impact are evaluated and
shown in Figure 7B. The total displacements of the
falling manikin were taken from the results shown in
Figure 5, and the stretch time histories of the EAL
during the impact were estimated using Equation (9).
The values of the maximum stretch of the energy
absorber, LEAL, were measured.

The relationships of the arrest force as a function of
the body displacement, the EAL stretching, and the
mass centre displacement for both tests were evaluated
and plotted in Figure 7C. This figure shows that the
arrest forces initially increase with increasing stretch
and then stay almost unchanged during EAL
deployment. The arrest force jumps suddenly by the
end of the stretch period for the h2 drop test, while it
shows no such force jump for the h1 drop test.

The time histories of the power absorption in the
EAL (Pe) and in the manikin (Pb) for the h1 and h2
drop tests are calculated using Equation (12) and are
shown in Figure 8. The power absorptions during the
impact increase rapidly when the deployment of the
EAL starts, reaches the first peak around the time
when the deployment force reaches the designed
deployment force (Fave) and then decreases to around
zero towards the end of the impact. For the h2 drop
test (Figure 8B), there is a second peak in the power
absorption, which corresponds to the peak force
around the time when the EAL is fully deployed. The
results show that the peak energy absorption in the
EAL is approximately 11 and 5 times that in the
manikin body for the h1 and h2 drop tests,
respectively.

The effective drop height heff was the actual drop
height in the drop tests. Due to the restriction of the
test set-up, heff is a little greater than the nominal drop
height (h) for the h2 drop test. The maximal stretch
displacement of the body mass centre (Sb ¼ sb(tm))
and the maximal stretch of the EAL (LEAL), together
with the effective drop height (heff), are listed in
Table 1. Using these data, the potential drop energy
for the tests was calculated by Ep ¼ mg(heff þ Sb þ
LEAL) and listed in the table.

Finally, the kinetic energies dissipated in the entire
system (Et), in the EAL (Ee), and in the manikin body
(Eb), for both tests were evaluated via Equations
(8)–(11) and listed in Table 1. The kinetic energies,

Figure 4. The time histories of the calculated arrest force
compared with those of the experimentally measured force.
(A) h1 (1.83 m) drop test. (B) h2 (3.35 m) drop test.
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Et and Ee, were integrated from the curves of T(st) and
T(se) (Figure 7C), as described in Equations (8)–(11). It
is seen that the total impact energy increased by 42%
(from 2903 to 4116 J), while the percentage of the
kinetic energy dissipated in the EAL decreased from 92
to 84%, which resulted in a 193% increase of the
kinetic energy dissipation in the manikin body (from
230 to 674 J), as the drop height increased from 1.83 to
3.35 m in the tests.

The current results show that the percentage of the
potential drop energy consumed in the manikin–
harness–EAL system during fall impact decreased
from approximately 97 to 81% when the drop height
increased from 1.83 to 3.35 m (Table 1).

In order to verify the proposed approach, we have
performed a drop test at a height of 3.35 m using a
rigid weight (mass 128.6 kg), as described in Appendix

A in detail. The test set-up of the rigid-weight drop is
the same as the manikin drop tests, except that the
EAL is attached directly onto the rigid weight. Our
results (Figures A1 and A2) show that the time
history of the stretch displacement of the mass centre
of the rigid weight calculated using the proposed
approach is consistent with that of the lanyard stretch,
which was measured experimentally. The kinetic
energy absorbed in the system (5737.3 J) is identical
with that in the EAL (5664.5 J) as well, as shown in
Table A1.

4. Discussion and conclusion

The kinetic energy dissipation during fall impact is an
important parameter that characterises the dynamic
performance of an FAS. In the previous studies, the

Figure 5. The time histories of the arrest force T, body acceleration a, speed v and travel distance s. The arrest force
was measured, whereas the acceleration, speed and travel distance of the falling body were calculated; ti, ta and tm
represent the time that the arrest force starts to increase, the time that the lanyard stretch starts, and the time that the
lanyard stretch reaches its maximum, respectively. vi is the speed at ti, and Sa is the travel distance at ta. Sm is the
maximal travel distance during fall impact, which is the travel distance at tm.
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dynamics and impact kinetic energy during fall
impact have not been systematically analysed. In the
current study, we propose an approach to quantify
systematically the kinetic energy dissipated in the EAL
and in the falling body during fall impact. We
analytically derived the relationships between the
deployment force, the lanyard stretch, and the manikin
body motion during fall impact. The proposed method
needs only the arrest-force time history data to derive
the kinetic energy dissipations. Since the arrest force
in the EAL is measured routinely in dynamic
performance tests in fall-arrest system industries, the
proposed approach can be applied by engineers to
evaluate the dynamic performance of FASs, thereby
providing valuable information for research into and
development of related safety products.

Our results show that arrest forces calculated using
the kinematic data agree well with those measured
directly via the force sensor (Figure 4) and the
accelerations calculated using the force data agree
well with those measured directly (Figure 6). These
analyses indicate that the kinematics of the manikin
can be determined using measured arrest forces, and
the arrest force in the EAL can also be determined
using accelerations measured at the manikin. Although
our observations show that the kinetics of the system
during fall impact can be fully described using either
arrest force measurements in the EAL or acceleration
of the surrogate, the kinematics calculated using the

force data may more precisely reflect the dynamic
characteristics of the manikin motions than those
calculated using acceleration data. This is because the
measured accelerations may not reflect the motions of
the ‘true’ mass centre of the falling body due to
flexibility and postural changes of the manikin
during impact. Theoretically, the kinematics derived
from the force will strictly reflect the motion of the
‘true’ mass centre, even when the body is deformable
and the relative position of the mass centre varies in
motion.

Our preliminary results (Table 1) indicate that
roughly 84–92% of the impact kinetic energy is
dissipated in the EAL and the remainder is dissipated
in the falling body, including the harness system and
manikin body. The effects of the impact intensity on
the kinetic energy distributions between the EAL and
the human body has yet to be studied via further tests
and analysis.

Our results indicate that the deployment of the
EAL during fall-arrest impact can be typically
characterised in three stages (Figure 7A). In the initial
impact stage, the arrest force increases with increasing
deployment distance of the EAL. The second stage is a
stationary stage, in which the arrest force stays nearly
constant around the average deployment force (Fave)
while the EAL deployment displacement increases.
The arrest force then increases dramatically with
increasing deployment displacement in the third
impact stage. For the fall-arrest test with a small
impact force, such as in the case of the h1 drop test
(Figure 7), the EAL will not be fully deployed during
impact and the third stage does not appear. The
average deployment force (Fave) is probably associated
with the structural characteristics of the EAL system
and does not depend on the impact tests. This is
manifested in our results, which show that the
relationships between force and EAL-stretch (Figure
7C) and the time history of power absorption in the
EAL (Figure 8) exhibit the same patterns before the
EAL is fully deployed for both the h1 and h2 drop
tests. Despite a 69% difference in potential drop energy
(Table 1) in these two tests, the deployment forces
(Fave) (Figure 7A) differ by less than 6% (Table 1).
These results suggest that the characteristics of EALs
can probably be described using the force-stretch
relationship.

Using the average method due to Gravitec (2007),
the kinetic energy dissipated in the EAL during impact
is estimated by E ¼ FaveLEAL. The impact energies in
the EAL calculated using these two different methods
differ by less than 6 and 1% for the h1 and h2 drop
tests, respectively (Table 1). Our results confirm that
the average method gives a good estimation for the
impact energy dissipations in the EAL. However, the

Figure 6. The time histories of the calculated acceleration a
compared with those measured directly via accelerometers.
(A) h1 (1.83 m) drop test. (B) h2 (3.35 m) drop test.
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average method cannot be applied to estimate the
impact energy dissipated in the manikin or human
body.

Using the proposed approach, the EAL deploy-
ment period is defined as the time period between ta
and tm. The parameter ta is the time when the tension
in the EAL reaches the static body weight and is
defined as the time when the acceleration becomes
zero. The parameter tm is the time when the stretch of
the system (including the EAL, safety harness and
falling surrogate) reach the maximum, and is defined
by the moment when the speed becomes zero. It is
interesting to see that tm is not the time when the arrest

force reaches its maximum, but the time when the
arrest force just passes its maximum value (Figure 5).

Theoretically, EAL stretching starts from ti. The
length of EAL at ti – the natural length – is difficult to
measure consistently in practice, because the EAL does
not stay straight at zero loading. Consequently, there is
substantial noise when the tension in the lanyard starts
to develop from zero. If the stretch period of the EAL
is defined as the time period (tm7ta), as in this study,
the EAL stretching can be measured consistently in
tests. It should be noted that the majority of the
displacement occurring during the period (ta7ti) was
due to the loose harness of the manikin body and the

Figure 7. The stretching of the energy absorber lanyard (EAL). (A) The definition of the stretch period in the time
histories of the arrest force. (B) The time histories of lanyard stretching and the travel distance of the mass centre during fall
impact. (C) The arrest force T as a function of the body/harness deformation, lanyard stretch, and total mass centre
displacement.
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relaxation of the EAL, not the elastic deformation of
the EAL. It should be noted that some of the elastic
energy in the EAL is ignored by defining the stretch
period as (tm7ta).

One of the error sources in acceleration
measurement may come from the mis-alignment of
the built-in uni-axial accelerometer and displacement.
Our results showed that the directly measured
accelerations differ from those calculated from the
force by less than 5% at peaks (Figure 6), indicating
that the error in the directly measured acceleration due
to mis-alignment is within an acceptable range.

One simplifying assumption we made in calculating
the time histories of EAL stretching is that EAL
stretching is considered to be proportional to the
displacement of the mass centre (Equation 9). It is to
be noted that at the boundary points, t ¼ ta and tm, the
EAL stretching is known and is equal to 0 and LEAL,
respectively. The error introduced by the
proportionality assumption is only the shape of the
curve T(s) for the time period ta 5 t 5 tm, or
s(ta) 5 s(t) 5 s(tm). It would certainly be possible to
make a more complex model by assuming that EAL
stretching is nonlinearly proportional to the
displacement of the mass centre. However, if the
majority of the mass centre displacement is due to
EAL stretching (approximately 87–92% of the total
mass centre displacement is contributed by EAL
stretching in the current analysis), the error because of
this simplifying assumption should be limited and
negligible when compared with other experimental
uncertainty.

In the current analysis, EAL stretching under
dynamic loading was approximated by using the EAL
stretching measured under static loading (LEAL). The
EAL stretching under dynamic loading should be
greater than that measured statically due to dynamic
elastic deformation. The rigid-weight drop test
described in Appendix A was used to quantify the

Figure 8. The time histories of the power absorption in the
lanyard and manikin body. (A) h1 (1.83 m) drop test. (B) h2
(3.35 m) drop test.

Table 1. Summary of the experimental data and analysis results. The total impact energy (Et) is calculated via
Equation (10). The impact energy absorbed in EAL (Ee) is calculated via Equation (11). The effective drop height (heff) for
the h2 (3.35 m) drop test was 0.022 m greater than the nominal drop height (h ¼ h2).

Parameters

Test

Units h1 drop h2 drop

Nominal drop height, h m 1.83 3.35
Effective drop height, heff m 1.83 3.49
Maximal stretch displacement of harness/manikin, Sb m 0.08 0.23
Lanyard deployment stretch, LEAL m 0.92 1.20
Average deployment force, Fave N 3067.0 2883.6
Maximal arrest force, Fmax N 3431.7 6227.1
Potential drop energy, Ep ¼ mg(heff þ Sb þ LEAL) J 2999.0 5070.6
Impact energy absorbed in lanyard, Ee J 2672.7 3441.4
Impact energy absorbed in harness/manikin body, Eb J 230.1 674.1
Total impact energy absorbed in falling system, Et ¼ Ee þ Eb J 2902.8 4115.5
Portion of impact energy absorbed in lanyard, Ee/Et % 92.1 83.6
Portion of impact energy absorbed in harness/manikin body, Eb/Et % 7.9 16.4
Portion of potential drop energy consumed in impact, Et/Ep % 96.8 81.2
Portion of potential drop energy dissipated in structure (Ep7Et)/Ep % 3.2 18.8
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difference between LEAL and EAL dynamic stretching.
In the rigid-weight drop test, the EAL was directly
attached to the rigid weight – no effects of the harness
attachment and body deformation were involved. Our
results suggest that the dynamic maximal stretching
can be well estimated by using LEAL (with an error of
less than 1%, as shown in Figure A2).

The load cell was connected to the lanyard via a
sling hook in the current experimental set-up. The sling
hook may slightly contact the guardrail during the test.
We carefully adjusted the hookup location such that
the load cell and the lanyard were kept aligned during
the test. In addition, the friction between the sling hook
and the guardrail – both are made of steel – is very
small. Therefore, any error in the force measurement
due to sling hook–guardrail contact is negligible.

It should be noted that the manikin was dropped
from a scissor lift in the current study. The natural
frequency of the scissor lift is far less than 200 Hz,
which is required for the drop test structure as specified
in ANSI/ASSE Z359.13 for the standardised drop test
conditions. In fall-arrest tests conducted on the scissor
lift, a portion of the potential drop energy will be
dissipated in the structure of the scissor lift, especially
for a high impact force. This is demonstrated in our
test results (Table 1): the percentage of the potential
drop energy converted to the kinetic energy of the
falling system during the drop tests reaches approxi-
mately 97 and 81%, for the h1 and h2 drop tests,
respectively. Since the proposed method is independent
of the drop test structure, it can also be applied to
estimate the energy dissipations for any standardised
and non-standardised drop tests.
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Appendix A

The rigid weight (mass 128.6 kg) was dropped from a
height of 3.35 m. No harness was employed in the
rigid-weight drop test and the EAL was attached
directly on to the rigid weight. The test set-up and the
data analysis procedure for the rigid-weight drop test
were the same as those used for the manikin drop tests.
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The arrest force, body acceleration, speed, and
displacement for the rigid-weight drop test are shown
in Figure A1. From the figure, the time when the
tension in the EAL starts to increase (ti), the time when
the body acceleration becomes zero for the first time
(ta), and the time when the falling rigid weight reaches
its extreme position (tm) were identified.

The time history of the stretch distance of the mass
centre of the rigid weight is compared with that of
EAL stretching in Figure A2. The stretch displacement
of the rigid weight was obtained from the results
shown in Figure A1, and the stretch time history of the
EAL was calculated using Equation (9). Theoretically,
the calculated maximal displacement of the mass

Table A1. Summary of the analysis results for the rigid-weight drop test. The total impact energy, Et, is calculated via
Equation (10); the impact energy absorbed in EAL, Ee, is calculated via Equation (11).

Parameters Units

Nominal drop height, h m 3.35
Effective drop height, heff m 3.50
Maximal stretch displacement at mass centre, St m 1.32
Lanyard deployment stretch, LEAL m 1.30
Average deployment force, Fave N 3627.4
Maximal arrest force, Fmax N 8924.1
Potential drop energy, Ep ¼ mg(heff þ LEAL) J 6053.3
Impact energy absorbed in lanyard, Ee J 5664.5
Total impact energy absorbed in falling system, Et J 5737.3
Portion of impact energy absorbed in lanyard, Ee/Et % 98.7
Portion of impact energy dissipated in system, (Et7Ee)/Et % 1.3
Portion of potential drop energy consumed in impact, Et/Ep % 94.8
Portion of potential drop energy dissipated in structure, (Ep7Et)/Ep % 5.2

Figure A1. The time histories of the arrest force T, body acceleration a, speed v, and travel distance s, for a 3.35 m
drop test using a rigid weight. The arrest force was measured, whereas the acceleration, speed, and travel distance of the falling
rigid body were calculated. ti, ta and tm represent the time that the arrest force starts to increase, the time that the lanyard
stretching starts, and the time that the lanyard stretching reaches its maximum, respectively. Sa is the travel distance of the mass
centre at ta, and Sm ¼ s(tm) is the maximal travel distance of the mass centre during fall impact.

Figure A2. The time histories of the lanyard stretch
and the stretch distance of the mass centre during fall impact
for the rigid-weight drop test.
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centre of the rigid weight, St, should be equal to the
stretch of the EAL, LEAL. The test results show that St

differs from LEAL by less than 1% (Table A1).
The kinetic energy dissipated in the falling system

(Et) is compared with that in the EAL (Ee) in Table A1.
The kinetic impact energies, Et and Ee, were calculated

via Equations (8)–(11). Our analysis indicates that
about 99% of the impact kinetic energy is dissipated in
the EAL during fall impact, confirming the proposed
approach. About 95% of the potential drop energy is
converted to the kinetic energy of the falling system in
the rigid-weight drop test (Table A1).
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