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Abstract

Study Design—Mathematical model, combined with and verified using human subject data.

Objective—(1) To develop and verify a lumped-parameter mathematical model for prediction of 

spine forces during backward falls; (2) to use this model to evaluate the effect of floor stiffness on 

spine forces during falls; and (3) to compare predicted impact forces with forces previously 

measured to fracture the spine.

Summary of Background Data—Vertebral fractures are the most common osteoporotic 

fractures and commonly result from falls from standing height. Compliant flooring reduces the 

force at the ground during a backward fall from standing; however, the effect on spine forces is 

unknown.

Methods—A 6-df model of the body was developed and verified using data from 10 human 

subjects falling from standing onto 3 types of compliant floors (soft: 59 kN/m, medium: 67 kN/m, 

and firm: 95 kN/m). The simulated ground forces were compared with those measured 

experimentally. The model was also used to assess the effect of floor stiffness on spine forces at 

various intervertebral levels.

Results—There was less than 14% difference between model predictions and experimentally 

measured peak ground reaction forces, when averaged over all floor conditions. When compared 

with the rigid floor, average peak spine force attenuations of 46%, 43%, and 41% were achieved 

with the soft, medium, and firm floors, respectively (3.7, 3.9, 4.1 kN vs. 6.9 kN at L4/L5). Spine 
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forces were lower than those at the ground and decreased cranially (4.9, 3.9, 3.7, 3.5 kN at the 

ground, L5/S1, L4/L5, and L3/L4, respectively, for the soft floor).

Conclusion—Lowering the floor stiffness (from 400 to 59 kN/m) can attenuate peak 

lumbosacral spine forces in a backward fall onto the buttocks from standing by 46% (average peak 

from 6.9 to 3.7 kN at L4/L5) to values closer to the average tolerance of the spine to fracture (3.4 

kN).
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Vertebral body fractures are the most common type of osteoporotic fractures.1,2 These 

fractures represent a growing public health concern because the incidence is projected to 

increase as the population ages.3 Vertebral fractures are associated with substantial increases 

in back pain, functional limitation, disability, and mortality.4,5 Falls are a major contributing 

factor to the occurrence of osteoporotic fractures6; 41% of vertebral fractures in older men 

are associated with falls from standing height or lower.7 The most common vertebral 

fracture site for older men is the lumbosacral spine, which represents 56% of all cases.7 Falls 

from standing height or lower also account for between 8% and 26% of spinal cord injuries,
7,8 and more than two-thirds of these injuries occur in older adults.8

The risk of vertebral fracture in a backward fall depends, by definition, on a “factor of 

safety.” This factor of safety is defined as the ratio of the force that will typically result in 

failure under a loading configuration similar to that applied in the fall (i.e., tolerance) 

divided by the peak-applied force. Previous studies have measured the force applied to the 

buttocks in subinjurious backward falls in human subjects.9 The compressive force required 

to cause fracture of lumbar vertebrae has been determined by testing isolated cadaver spine 

segments.10–17 However, the peak forces occurring at the lumbosacral spine during a 

backward fall are not known, and this is a barrier to the development of injury prevention 

strategies.

An intervention that has been suggested to reduce the incidence of fall-related fractures is 

the use of compliant or low-stiffness flooring.9,18,19 In a previous experimental study 

conducted by a subset of this study’s authors, human subjects fell from standing onto floors 

of various stiffnesses.9 Impact forces at the buttocks decreased with decreases in floor 

stiffness; however, the effect on spine forces was not addressed. To determine the effect of 

floor stiffness on spine forces experimentally, direct measurement of spinal component loads 

would be necessary; however, these are difficult to measure even during benign activities in 
vivo.10,11 Numerical models have been used to study the loads generated in the human spine 

during various activities,12–15 and this method has also been used to study spinal forces 

during trauma.16–18

Some of the previous models have been complex, have simulated multiple degrees of 

freedom at each joint, and have incorporated anatomic details such as the rib cage, lumbar 

muscles, viscera, facet joints, and intervertebral discs.12,14–16 Axial spine forces are related 

to fracture risk19–23; therefore, they are of primary interest in this study. It was our objective 
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to develop an appropriate model to allow examination of the effect of floor stiffness on axial 

loading at various levels of the spine during a fall. We had access to a unique set of data to 

incorporate into our model. These human subject-specific data from our previous 

experimental study provided a level of verification for the present computational model.9 No 

previous mathematical modelling or experimental studies have examined spine forces 

resulting from a backward fall onto the buttocks.

Accordingly, the specific objectives in this study were (1) to develop and verify a lumped-

parameter model to predict intervertebral forces at several levels of the lumbosacral spine 

during backward falls from standing, (2) to evaluate the effect of floor stiffness on these 

forces, and (3) to examine how these compare with the axial force associated with fracture 

of the spine.

MATERIALS AND METHODS

Overview

To simulate a backward fall onto the buttocks, a dynamic, 1-dimensional, 6-df lumped-

parameter model of the upper body and pelvis was created. The model was verified by 

comparing it with experimental data from 10 human subjects in our previous experimental 

study who fell onto their buttocks.9 The model was further verified by simulating a fall from 

a height of 3 m, which can result in lumbar spine fractures,24 and ensuring that the predicted 

forces were consistent with the lumbar spine tolerance. Finally, we used the verified model 

to examine the effect of floor stiffness on peak spine forces by simulating a fall from 

standing onto the buttocks.

Model

We implemented our lumped-parameter model of the upper body and the pelvis in Matlab 

(Matlab version 7.0; Math-works, Natick, MA). It included 6 rigid bodies representing the 

upper body, L4, L5, sacrum, pelvis, and the skin overlying the ischial tuberosities (Figure 1). 

Reference masses of the rigid bodies (Table 1) were based on values used in previous 

lumped-parameter models,16,27 on scaled anatomic drawings,25 and on segmented cadaver 

measurements.26,28 Those at the lumbosacral spine represent the body’s entire transverse 

cross section at the corresponding spinal level. We scaled these masses to those for the 10 

subjects using the ratio of the total body mass of each subject (Table 2) and that of the 50th 

percentile male.34,53 The joints between these rigid bodies were defined as the L3/L4, 

L4/L5, L5/S1, sacroiliac joints, and the soft tissue overlying the ischial tuberosities (i.e., 
buttocks) at the inferior portion of the model (Figure 1). Each joint was assumed to act as a 

linear spring and linear damper acting in parallel (i.e., Voigt viscoelastic model35). The 

stiffness and damping coefficients for L3/L4, L4/L5, L5/S1, and the sacroiliac joints were 

assigned values on the basis of previously published experiments that measured the 

experimental response of cadaveric spine material (Table 1).

We calculated subject-specific stiffness and damping coefficients for the buttocks of each 

participant using vibration analysis36 in an approach similar to that described previously for 

determining the effective stiffness and damping of the soft tissues overlying the hip in falls 
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to the side.37 In these calculations, we assumed that the body behaves as a single rigid mass 

(Figure 2), and we used the experimental force-time records of each participant falling onto 

the firm floor (95 kN/m, the most stiff floor that was examined experimentally). The 

effective mass at the buttocks was assumed to equal the total body mass and the effective 

stiffness and damping was assumed to be dominated by the spring and damper of the 

buttocks. Briefly, we used the time between the first 2 peaks in the force response (Figure 2) 

to characterize the damped natural frequency of the system (ωd)

(1)

We then calculated the logarithmic decrement (δ) as follows:

(2)

Where F1 and F2 are the first 2 peaks in the force (Figure 2) and F3 is the valley between the 

2 peaks. We then calculated buttock stiffness (k) and damping (C) as

(3)

and

(4)

where m is the total body mass of the subject (Table 2). These parameters were calculated 

for all successful trials of each subject (between n = 4 and n = 10 trials per subject), and the 

average values were used in the lumped-parameter model.

We modeled the floors with linear springs because they were found experimentally to exhibit 

negligible damping.38 We assigned values to the spring constants on the basis of previous 

indentation tests with a servohydraulic materials testing machine for the soft, medium, and 

firm floors.38

Verification

For model verification, the falls of 10 human subjects who participated in our previous 

experimental study were simulated.9 In that previous study, subjects fell backward after 

being suddenly released (by means of a tether and electromagnet) from a lean angle of 15° 
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from the vertical. The subjects landed on a floor covered with various thicknesses of 

ethylene vinyl acetate foam rubber mats. Three different thicknesses of ethylene vinyl 

acetate mats (4.5, 7.5, or 10.5 cm) were modeled with corresponding stiffnesses of 95, 67, 

and 59 kN/m, respectively. To verify the model, we compared model predictions of peak 

ground reaction forces and rise times of these forces with experimental results. Four falls for 

each of the 3 foam floors were simulated for each subject. We determined the impact fall 

velocity of each fall from the vertical velocity of a skin surface marker on the spinous 

process of L3 at the initiation of the ground reaction force.9 These data were previously 

collected using an 8-camera, 240-Hz motion measurement system (Eagle system and EVaRT 

4.6 software Motion Analysis Corp., Santa Rosa, CA). The average impact velocity was 3.5 

(SD 0.32) m/s.

As a further verification of the model results, we compared the spine forces predicted from 

our model for falls from 3 m (and corresponding to a 7.8 m/s impact velocity) with the 

forces that have been shown to cause fracture experimentally. In these simulations, the floor 

stiffness was set to 400 kN/m, which is representative of that of the basic unpadded surface 

of a gymnasium floor.31 These conditions have been reported in a study of accident 

reconstructions as the falling height necessary to exceed the strength of the lumbar spine 

(3.3 ± 1.2 kN and 4.2 ± 1.7 kN for compression velocities of 3 vertebra segments of the 

lumbar spine of 0.01 and 2.5 m/s, respectively39) when falling onto the buttocks on a rigid 

floor.24 Simulated peak joint compression velocities of 3 vertebra segments of the spine 

were calculated for each subject, and corresponding tolerance values were interpolated 

between those reported for loading rates of 0.1 and 2.5 m/s39 to incorporate the increasing 

tolerance of the spine with loading rate due to the viscoelastic nature of bone tissue.40

Effect of Floor Stiffness on Vertebral Forces

We examined the effect of floor stiffness on forces at the buttocks and at various spinal 

levels by simulating each of the 10 participants falling (in this case, with the same velocity 

of 3.5 m/s) onto floors of 4 different stiffnesses. We included 3 floor stiffnesses used in our 

experimental study (59, 67, and 95 kN/m) and a “rigid” floor with a stiffness of 400 kN/m.31

Comparison of Vertebral Forces With Tolerance Values

Vertebral forces for the falls onto floors of different stiffnesses were compared with the rate-

dependant tolerance of the lumbosacral spine to loading. Simulated peak joint compression 

velocities of 3 vertebra segments of the spine were calculated for each subject and floor 

stiffness and corresponding tolerance values were interpolated between those reported for 

loading rates of 0.1 and 2.5 m/s.39 “Factors of safety” for each floor type were calculated as 

the ratio of the spine tolerance force to the average peak spine force.

RESULTS

Model

The average buttock stiffness and damping were 180.5 (SD 17.2) kN/m and 3.13 (SD 0.25) 

kNs/m, respectively (Table 2). Within-subject standard deviations during the repeated trials 

for each subject were between 5% and 35% of mean values for stiffness and between 7% 
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and 32% of mean values for damping. Stiffness and damping coefficients were not 

calculated for subject 3, because a second peak in the force-time response was not observed, 

and for subject 5, who exhibited a very small second peak in force 80 ms after the initial 

peak, whereas other subjects exhibited approximately 200 ms between these peaks. Average 

stiffness and damping coefficients of the remaining 8 participants were used in the model for 

these 2 subjects.

Verification

In our simulations of subject-specific falls from standing, the average error in peak ground 

force was −11% (SD 13) (Figure 2); the model more often overpredicted than under-

predicted the peak ground forces, but both situations were observed. The average absolute 

error in peak ground force was 13% (SD = 11). The average error in time to peak ground 

force was 13% (SD = 7); the model more often underpredicted than overpredicted time to 

peak ground force, but again both situations were observed.

In our simulation of subjects falling from 3 m and impacting the ground with a velocity of 

7.8 m/s, the average peak spine forces at L3/L4, L4/L5, and L5/S1 were 13.6, 14.5, and 15.0 

kN, respectively. The average peak intervertebral compression velocities at L3/L4, L4/L5, 

and L5/S1 were 0.49 ± 0.05, 0.60 ± 0.07, and 0.43 ± 0.05 m/s, respectively. As the most 

relevant tolerance data we identified are for 3 vertebra, 2 intervertebral disc segments39, the 

comparable compression velocity is equal to 2 times the intervertebral compression velocity

—approximately 1.0 m/s. The tolerance of the spine at this compression velocity is 

estimated at 3.6 ± 1.4 kN (interpolated assuming a linear relationship between previously 

reported values of 3.3 ± 1.2 kN at 0.01 m/s and 4.2 ± 1.7 kN at 2.5 m/s39). Therefore, the 

simulated peak spine forces were higher than the spine forces that have been reported to 

cause fractures in axial impact experiments.

Effect of Floor Stiffness

For the 3.5 m/s impact velocity, peak ground and spine forces increased with an increase in 

floor stiffness (Figures 3 and 4). Decreasing floor stiffness had a more pronounced effect on 

decreasing peak forces at the spine than at the skin surface. Average peak ground forces 

were reduced by 26%, 35%, and 37% for the firm, medium, and soft floors, respectively, 

compared with the rigid floor (5.8 ± 0.7 kN, 5.1 ± 0.6 kN, 4.9 ± 0.6 kN vs. 7.8 ± 1.0 kN) 

(Figure 4). Average peak forces at L5/S1 were reduced by 40%, 44%, and 46% for the firm, 

medium, and soft floors, respectively, compared with the rigid floor (4.3 ± 0.5 kN, 4.0 ± 0.5 

kN, 3.9 ± 0.5 kN vs. 7.2 ± 1.1 kN). Average peak forces at L4/L5 were reduced by 41%, 

43%, and 46% for the firm, medium, and soft floors, respectively, compared with the rigid 

floor (4.1 ± 0.5 kN, 3.9 ± 0.5 kN, and 3.7 ± 0.5 kN vs. 6.9 ± 1.0 kN).

Average peak spine forces were lower than the average peak ground forces (Figure 4), with 

the lowest force at the most cranial intervertebral level modelled (L3/L4). For the soft floor, 

average peak spine forces at L3/L4, L4/L5, and L5/S1 were 3.5, 3.7, and 3.9 kN, 

respectively, and the average peak ground force was 4.9 kN (Figure 4). On average, L5/S1 

forces were 21%, 22%, 26%, and 8% lower than ground forces for the soft, medium, firm, 
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and rigid floors, respectively; L4/L5 forces were 3% to 4% lower than L5/S1 forces; and 

L3/L4 forces were 6% to 7% lower than L4/L5 forces.

Comparison With Spine Tolerance

The average peak intervertebral compression velocities at L3/L4, L4/L5, and L5/S1 were 

0.08 ± 0.01, 0.09 ± 0.01, and 0.06 ± 0.01 m/s, respectively, for falls onto the compliant 

floors and 0.19 ± 0.02, 0.23 ± 0.03, and 0.16 ± 0.02 m/s, respectively, for falls onto the rigid 

floor. For comparison with tolerance data, which used 3 vertebra, 2 intervertebral disc 

segments of the spine, comparable compression velocities are equal to 2 times the 

intervertebral compression velocities—approximately 0.2 m/s and 0.4 m/s for compliant and 

rigid floors, respectively. The tolerance of the spine at these compression velocities is 

estimated at 3.4 ± 1.2 kN (interpolated between previously reported values of 3.3 ± 1.2 kN at 

0.01 m/s and 4.2 ± 1.7 kN at 2.5 m/s39). Average peak spine forces for the rigid floor are 

greater than the average estimated tolerance of the spine, whereas those for the compliant 

floors are greater than but closer to the tolerance of the spine (Figure 4). The average spine 

force “factor of safety” for falls onto the rigid floor is 0.5, whereas those for falls onto the 

firm, medium, and soft floors are 0.8, 0.9, and 0.9, respectively.

DISCUSSION

Accurate models of impact loading are required to understand vertebral fracture risk in 

backward falls, and they should likely play a key role in developing injury prevention 

devices, such as compliant flooring. Although compliant flooring has been shown to reduce 

ground forces resulting from a backward fall, it was not clear how such reductions would 

influence spine forces and the risk of vertebral fracture in the osteoporotic population. If 

significant reductions in fracture risk are feasible with changes in floor compliance that do 

not concurrently encumber balance and mobility, it may be feasible to cover floors in high-

risk environments, such as senior’s centers and hospital wards, with compliant flooring9 or 

to implement the use of padded underwear for high-risk individuals, similar to hip 

protectors.41 Although previous dynamic lumped-parameter and finite element models have 

examined spine forces in response to whole-body vibrations12–15 and pilot ejections,16–18 

this is the first time that any model has been used to examine spine forces resulting from a 

backward fall onto the buttocks.

The compression tolerance of the spine varies with loading rate40 and with bone properties, 

such as bone mineral density.42–46 Experimental studies of isolated vertebral bodies (fresh 

and fixed in formalin)42,45 and of functional spinal units with and without posterior elements 

(fixed in formalin)43,44,46 have demonstrated significant relationships between the 

compressive tolerance of the spine and bone mineral density. However, it is known that 

formalin fixation alters the mechanical properties of the spine.33 The magnitude of this 

correlation for fresh functional spinal units with posterior elements, which most closely 

simulates the in vivo loading environment, is unclear. In this study, the estimated 

compression tolerance for the lumbosacral spine (3.4 ± 1.2 kN) is based on experimental 

data from fresh specimens from the thoracolumbar spine (with posterior elements) with bone 

mineral density measurements of 0.683 ± 0.091 g/cm2.39 Using the World Health 
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Organization criteria for diagnosis of osteoporosis,29 the average specimen in this study is 

osteoporotic. Using this tolerance, average peak spine forces in this study correspond to 

“factors of safety” of 0.9, 0.9, and 0.8 for the compliant floors (soft, medium, and firm, 

respectively) and a factor of 0.5 for the rigid floor. These factors of safety would increase for 

subjects with healthy bone, and they would decrease for subjects with extreme cases of 

osteoporosis. This study has shown that although a backward fall from standing height onto 

a rigid floor (stiffness of 400 kN/m, similar to that of a gymnasium floor) could cause a 

lumbar spine fracture, floors with reduced stiffness (between 59 and 95 kN/m) are more 

likely to prevent lumbar spine fractures from occurring.

On average, peak spine forces decreased cranially by 3% to 4% from L5/S1 to L4/L5 and by 

6% to 7% from L4/L5 to L3/L4. Decreasing spine forces for more cranial levels is consistent 

with previously reported computational models15,17 and our intuitive expectation that more 

intervening discs would remove more energy and force. Clinically, compressive vertebral 

injuries in the osteoporotic population and those associated with falls are most frequently 

observed in the mid-thoracic area and in the transition from the thoracic to the lumbar areas 

(i.e., at L1).30,32 However, it is likely that the vertebra that fails does so due to the maximum 

stress being exceeded rather than due to the maximum force. The vertebral dimensions 

decrease moving cranially, so the effective stress (force normalized by area) may be 

increasing as one moves cranially. Furthermore, the facet joints of the lumbar spine are 

oriented vertically, whereas those in the thoracic spine are angled anteriorly by 30°.47 This 

transition at T12/L1 may also result in higher susceptibility of fracture at L1 as the axial 

forces transmitted through the vertebral body and facet joints of T12 are passed primarily 

through the vertebral body of L1 while the forces are shared with the facet joints cranially, 

resulting in increased stress at this level. The present model is highly simplified but brings 

several key factors related to compliant flooring into focus. To perform detailed study of the 

effects of the change in load sharing at the thoracolumbar junction of the spine, a detailed 

finite element model would be required.

Average calculated stiffness and damping coefficients for the buttocks in the present model 

(180 kN/m and 3.13 kN·s/m, respectively) are in the range of those previously reported using 

a computational model of whole-body vibration that incorporated rotation of the pelvis and 

spine (153 kN/m and 3.15 kN·s/m).13 To compare the present stiffness with values from 

experimental literature, Young’s modulus was calculated using values for buttock contact 

area48,49 and length from the skin surface to the ischial tuberosities50 from the literature. 

Using this method, the present buttock stiffness corresponds to Young’s modulus of 628 kPa. 

This is greater than a previously reported range of Young’s moduli for human in vivo 
buttock tissue (47.5–64.8 kPa)50; however, the previous study loaded tissues quasistatically 

whereas this study involved dynamic tissue loading. As biological tissues are viscoelastic, 

stiffness is known to be rate dependent. The present buttocks Young’s modulus is within the 

range of moduli that were reported for porcine in vitro gluteus maximus tissue tested at 

frequencies between 5 and 30 Hz (146–5961 kPa)51; however, this study applied very small 

peak strains (0.1% vs. 22% in this study), and the tissue properties and boundary conditions 

applied in this study may be less representative of the human in vivo condition. The porcine 

in vitro study also reported damping coefficients for cylindrical samples of tissue between 

40 and 556 N·s/m. To account for the geometric differences between these studies, the 
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damping coefficients were converted to damping ratios (by dividing them by the critical 

damping). By assuming a mass of the buttock tissue in this study (according to geometric 

assumptions listed earlier), a damping ratio of 1.99 was calculated and this was within the 

range of those for porcine gluteus maximus tissue (1.42–3.09).

Although this model is a 1-dimensional simplification—its inertial, stiffness, and damping 

characteristics were based on values from the published literature—it simulated the response 

of the body in the primary direction of interest for the current research question (vertical), 

and it was verified using human subject data. This simple model allowed us to examine the 

effect of floor stiffness on spine forces during a passive backward fall from standing in a 

straightforward manner. The present model produced errors in peak force and time to peak 

force that were below 14%, which was reasonable for the experimental and numerical 

context. Some of the assumptions that may have contributed to this error include the lack of 

rotational degrees of freedom in the model and the assumption that the mass of the viscera 

moves as part of the rigid bodies of the spine. Because the model lacked rotational degrees 

of freedom, the effects of posture at impact could not be evaluated. It is expected that 

addition of sagittal plane posture and spine lordosis and kyphosis would reduce peak axial 

compression forces and increase peak shear forces, particularly in the lower lumbar spine as 

the L5/S1 joint in the upright neutral posture is 19° more forward than the L4/L5 joint 

whereas the L1/L2 joint is only 3° more forward than the T12/L1 joint.52 However, 

osteoporotic vertebral fractures are compressive or wedge-type fractures,30 which are 

primarily caused by axial forces, not shear forces.23 Although the assumptions inherent to 

this model may have altered the absolute values of spine forces, the reductions in spine force 

at each level resulting from decreased floor stiffness is expected to remain unchanged for a 

constant orientation of the lumbar spine. Also, the absolute values of spine forces were 

compared with the values of spine tolerance for falls onto rigid flooring at a higher speed 

that have been shown to result in spine fractures (7.8 m/s). Although the simulated spine 

forces were higher than experimental spine tolerances (15.0 vs. 3.6 kN), this model 

represents a worst-case scenario of the axial forces in the spine during a fall onto the 

buttocks. Therefore, the present simple, straightforward model provides a general 

quantitative measure of the expected reductions in spine forces with the use of compliant 

flooring. Further research is required to determine the effect of posture and vertebral 

orientation on forces in the spine.

In conclusion, a dynamic lumped-parameter model for prediction of intervertebral forces in 

the lumbosacral spine during a backward fall from standing was developed and verified 

against experimental data from human subjects with errors less than 14%. Using this model, 

we showed that lowering the floor stiffness by amounts that are consistent with currently 

available floors (from 400 to 59 kN/m) can attenuate peak lumbosacral spine forces in a 

backward fall from standing by 46% (average peak from 6.9 to 3.7 kN at L4/L5) to values 

closer to the estimated tolerance of the spine to fracture (3.4 kN).39 Decreasing floor 

stiffness had a more pronounced effect on decreasing peak forces at the spine than at the 

skin surface; for the soft floor, average peak ground and spine (L4/L5) forces were reduced 

by 37% and 46%, respectively, compared with the rigid floor (4.9 ± 0.6 kN vs. 7.8 ± 1.0 kN 

and 3.7 ± 0.5 kN vs. 6.9 ±1.0 kN, respectively). Average peak forces at L5/S1 were 8% 

lower than the ground forces for the rigid floor and 21% to 26% lower than the ground 
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forces for the compliant floors. On average, peak forces at L4/L5 were 3% to 4% less than 

those at L5/S1 and peak forces at L3/L4 were 6% to 7% less than those at L4/L5. Further 

research is required to identify flooring types and characteristics that are likely to prevent 

vertebral body fractures due to backward falls without impeding balance and mobility.
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Key Points

• A dynamic lumped-parameter model for prediction of intervertebral forces in 

the lumbosacral spine during a backward fall from standing was developed 

and verified against experimental data from human subjects with errors less 

than 14%.

• Lowering the floor stiffness (from 400 to 59 kN/m) attenuated peak 

lumbosacral (L4/L5) spine forces by 46%, on average from 6.9 ± 1.0 kN to 

3.7 ± 0.5 kN, to values closer to the average dynamic tolerance of the spine to 

fracture (3.4 kN).

• Decreasing floor stiffness had a more pronounced effect on decreasing peak 

forces at the spine than at the skin surface. Average peak ground forces were 

reduced by 26%, 35%, and 37% for the firm (95 kN/m), medium (67 kN/m), 

and soft (59 kN/m) floors compared with the rigid (400 kN/m) floor (5.8 ± 0.7 

kN, 5.1 ± 0.6 kN, 4.9 ± 0.6 kN vs. 7.8 ± 1.0 kN). Average peak forces at 

L5/S1 were reduced by 40%, 44%, and 46% for the firm, medium, and soft 

floors compared with the rigid floor (4.3 ± 0.5 kN, 4.0 ± 0.5 kN, 3.9 ± 0.5 kN 

vs. 7.2 ± 1.1 kN).

• Peak forces were lower at the more cranial than caudal spine units, averaging 

3% to 4% lower at L4/L5 than at L5/S1 (3.7 ± 0.5 kN compared with 3.9 

± 0.5 kN for the soft floor) and 6% to 7% lower at L3/L4 than at L4/L5 (3.5 

± 0.4 kN for the soft floor).
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Figure 1. 
Schematic of the lumped-parameter model used to calculate spine forces during a backward 

fall onto the buttocks. The upper body, L4, L5, sacrum, pelvis, and skin overlying the ischial 

tuberosities were modeled as masses separated by linear springs and dampers, which 

represented the L3/L4, L4/L5, L5/S1, sacroiliac joints, and the soft tissue overlying the 

ischial tuberosities (buttocks). The floor was represented as a linear spring.
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Figure 2. 
Sample graph of the experimental ground force versus time for a typical trial (subject 4 

falling onto the firm floor, stiffness of 95 kN/m, trial 2) showing key points for buttock 

stiffness and damping co-efficient calculations (first peak, second peak, and the valley 

between the first 2 peaks are shown with a circle, triangle, and square, respectively). The 

inset diagram shows the model used to determine buttock stiffness and damping (m: body 

mass, k: buttock stiffness coefficient, c: buttock damping coefficient). The simulated ground 

force for this trial is also shown (only the first peak in ground force was simulated, which 

was created with the 6-df model shown in Figure 1, not the single df model shown in the 

inset diagram).
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Figure 3. 
Sample-simulated ground reaction and spine forces for a subject (number 4) falling with a 

velocity of 3.5 m/s onto floors with stiffnesses of 59 kN/m (soft) A, 67 kN/m (medium) B, 

95 kN/m (firm) C, and 400 kN/m (rigid) D.
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Figure 4. 
Average peak simulated ground and spine forces for 10 subjects falling at 3.5 m/s onto floors 

of 4 different stiffnesses. Standard deviations are shown with error bars. Experimentally 

measured average peak ground forces are also shown,9 which correspond to impact 

velocities between 2.5 and 4.1 m/s. The average tolerance (+/− 1 SD, shown with the shaded 

area) of the lumbosacral spine for a compression velocity of 0.2 m/s is also shown, which 

was extrapolated between tolerance values for compression velocities between 0.01 and 2.5 

m/s.39
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TABLE 1

Summary of Model Parameter Values

Parameter Value References

Mass Pelvis 16 kg 16, 25, 26

L4 2.5 kg 25, 27, 28

L5 1.8 kg

Sacrum 0.7 kg

Upper body 33 kg

Skin overlying the ischial tuberosities 0.01 kg Estimate

Stiffness L3/L4 2749 kN/m 54

L4/L5 2399 kN/m

L5/S1 3503 kN/m

Sacroiliac 1050 kN/m 55

Floor 59 kN/m (soft) 9

67 kN/m (medium)

95 kN/m (firm)

400 kN/m (rigid) 31

Damping L3/L4, L4/L5, L5/S1, sacroiliac 237 Ns/m 56

Mass values at the lumbosacral spine represent masses of transverse cross sections at each axial level. Model parameter values were scaled using 

each subject’s body mass and that of the 50th percentile male.53 Floor stiffnesses for the soft, medium, and firm floors were measured 

experimentally9 and the stiffness of the “rigid” floor was set to a value equivalent to that of a gymnasium floor.31

Spine (Phila Pa 1976). Author manuscript; available in PMC 2012 September 10.



C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

Van Toen et al. Page 19

TA
B

L
E

 2

Su
m

m
ar

y 
of

 th
e 

Su
bj

ec
t-

Sp
ec

if
ic

 P
ar

am
et

er
s 

U
se

d 
in

 th
e 

M
od

el

Su
bj

ec
t

H
ei

gh
t 

(c
m

)
M

as
s 

(k
g)

B
ut

to
ck

 S
ti

ff
ne

ss
 (

kN
/m

)
B

ut
to

ck
 D

am
pi

ng
 (

kN
s/

m
)

A
ve

ra
ge

SD
A

ve
ra

ge
SD

1
17

1.
5

77
.3

17
5.

0
35

.4
3.

07
0.

55

2
18

2
80

.9
30

5.
0

98
.0

5.
25

1.
11

3
18

3
92

.3
*

*
*

*

4
18

7
11

7.
3

18
9.

0
10

.2
3.

24
0.

23

5
17

9
75

.0
*

*
*

*

6
16

8.
5

68
.2

18
1.

0
18

.9
2.

99
0.

30

7
18

5
91

.4
12

8.
0

12
.2

1.
82

0.
16

8
17

7
71

.4
15

2.
0

26
.9

3.
01

0.
68

9
16

4.
3

62
.3

85
.2

15
.3

1.
75

0.
30

10
17

5
71

.4
22

9.
0

80
.4

3.
92

1.
27

A
cr

os
s-

su
bj

ec
t a

ve
ra

ge
17

7.
2

80
.7

18
0.

5
3.

13

A
cr

os
s-

su
bj

ec
t S

D
7.

4
16

.0
17

.2
0.

25

St
if

fn
es

s 
an

d 
da

m
pi

ng
 o

f 
th

e 
so

ft
 ti

ss
ue

 o
ve

rl
yi

ng
 th

e 
is

ch
ia

l t
ub

er
os

iti
es

 (
bu

tto
ck

s)
 w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 e
qu

at
io

ns
 1

 to
 4

 a
nd

 th
e 

ex
pe

ri
m

en
ta

l f
or

ce
-t

im
e 

re
sp

on
se

 o
f 

su
bj

ec
ts

 f
al

lin
g 

on
to

 th
e 

fi
rm

 f
lo

or
 

(s
tif

fn
es

s 
of

 9
5 

kN
/m

).

* B
ut

to
ck

 s
tif

fn
es

s 
an

d 
da

m
pi

ng
 c

ou
ld

 n
ot

 b
e 

ca
lc

ul
at

ed
 f

or
 s

ub
je

ct
s 

3 
an

d 
5.

 M
ea

n 
va

lu
es

 w
er

e 
us

ed
.

Spine (Phila Pa 1976). Author manuscript; available in PMC 2012 September 10.


	Abstract
	MATERIALS AND METHODS
	Overview
	Model
	Verification
	Effect of Floor Stiffness on Vertebral Forces
	Comparison of Vertebral Forces With Tolerance Values

	RESULTS
	Model
	Verification
	Effect of Floor Stiffness
	Comparison With Spine Tolerance

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	TABLE 1
	TABLE 2

