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Introduction 

Fractures of the distal forearm are common in children and

postmenopausal women1-3. Forearm or wrist fractures occur when

the applied force on bone exceeds the bone’s ability to resist this

force (i.e., bone strength). The most common scenario for this

fracture type results from impact loading during a fall onto the

hand of the outstretched arm, which represents the worst-case

falling scenario4-10. Previous ex vivo research has proposed that

fracture risk (or factor-of-risk, ɸ)11 can be determined using the

ratio of the impact force (or load, N) to whole bone strength (e.g.,

failure load, N), with ɸ≥1 signifying potential for fracture. Ad-

vances in skeletal imaging and finite element (FE) modeling12-18

have permitted non-invasive estimates of bone strength (failure

load, N) while mathematical models have been used to estimate

impact force from falling (load, N). The primary mathematical

models include: 1) single damper model (SDM); 2) two-mass,

spring-damper; and 3) multiple element, spring-damper model.

Although inferior to the advanced multicomponent spring-damper

models, the SDM approach is commonly reported when estimat-

ing impact forces epidemiologically and factor-of-risk for forearm

fracture using the worst-case falling scenario (i.e., falling onto an

outstretched or straightened arm) (Table 1)14,19-28.

The SDM approach predicts the impact force corresponding

to the initial high frequency impact force peak observed in exper-

imental forearm fall data (commonly referred to as F1max) by mul-

tiplying a calculated impact velocity by an experimentally derived

damping coefficient. This impact force is generally associated

with the highest risk for fracture incidence. The impact velocity

is typically defined using conservation of energy principles equat-

ing kinetic and potential energy equations which relate falling

height to impact velocity14,19,21-23,26-28. The falling height is gener-

ally defined as the height of the body’s center of mass, often esti-

mated as half an individual’s standing height. The velocity at
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impact can be defined as . The

most commonly used damping coefficient (multiplied by the

impact velocity to predict impact force) is the constant linear

value of 670 Ns/m from Chiu and Robinovitch4, which repre-

sents the wrist/palmar damper when combining males and fe-

males (Table 1). When separating the sexes, the damping

coefficients were reported as 790 Ns/m and 550 Ns/m for

[2*9.81 m/s2 * (falling height)] males and females respectively4. These damping coefficients

were validated to predict impact forces on the hand of the out-

stretched forearm using fall heights of 1, 3, and 5 cm 4. It is

unclear, however, if a constant linear damping coefficient is

valid at higher fall heights. The linearity assumption is funda-

mental when a constant damping co-efficient is used to esti-

mate impact forces from standing height falls. Nonlinearity in

Reference Method of Damper ‘Fall Method of Factor-of- Age 

Determining: Height’ Determining: Risk: Range 

Impact Force in Bone Failure Sample Size (years)

(N) Model Load (N) and Sex

Muller ME, Webber CE, Bouxsein ML. Equation: 670 Ns/m ½ donor Mechanical 18 F, 53-97

Osteoporosis International 2003; damper x impact velocity height compression 20 M 

14: 345-352. testing (Cadavers)

Melton LJ III, Riggs BL, Van Lenthe GH, Equation: 670 Ns/m ½ standing FEA3 248 F 41-99

et al. Journal of Bone and Mineral damper x impact velocity height

Research 2007; 22(9): 1442-1448.

Kirmani S, Christen D, Van Lenthe GH, Equation: Not Not FEA3 70 F, 70 M 12-18

et al. Journal of Bone and Mineral damper x impact velocity Specified1 Specified

Research 2009; 24(6): 1033-1042.

Dalzell N, Kaptoge S, Morris N, et al. Equation: 670 Ns/m ½ standing FEA3 74 F, 58 M 20-79

Osteoporosis International 2009; damper x impact velocity height

20: 1683-1694.

Melton LJ III, Christen D, Riggs BL, Equation: 670 Ns/m ½ standing FEA3 100 F 56-714

et al. Osteoporosis International 2010; damper x impact velocity height (forearm fracture);

21(7): 1161-1169. 105 F (controls)

Macdonald HM, Nishiyama KK, Kang J, Equation: Not ½ standing FEA3 441 F, 201 M 20-99 F,

et al. Journal of Bone and Mineral damper x impact velocity Specified1 height2 20-89 M

Research 2011; 26(1): 50-62.

Kazakia G, Burghardt A, Link TM, et al. Equation: Not Not FEA3 53 F 45-65

Journal of Biomechanics 2011; damper x impact velocity Specified1 Specified

44(2): 257-266.

Nishiyama KK, Macdonald HM, Moore SA, Equation: Not Not FEA3 212 F, 186 M 9-22

et al. Journal of Bone and Mineral Research damper x impact velocity Specified1 Specified

2012; 27(2): 273-282.

Hansen S, Brixen K, Gravholt C. Journal of Equation: 670 Ns/m ½ standing FEA3 32 M/F (Turner 20-61; 

Bone and Mineral Research 2012; damper x impact velocity height syndrome patients); 19-58

27(8): 1794-1803. 32 M/F (controls)5

Patsch JM, Burghardt AJ, Yap SP, et al. Equation: 550 Ns/m ½ standing FEA3 80 F 50-75

Journal of Bone and Mineral Research damper x impact velocity height

2013; 28(2): 313-324

Hansen S, Shanbhogue V, Folkestad L, et al. Equation: 670 Ns/m ½ standing FEA3 263 F; 236 M 20-70+

Calcified Tissue International 2014; damper x impact velocity height

94:269-281.

1 ‘Not Specified’ - reference to the prediction equation in Chiu and Robinovitch (1998).
2 ‘Not Specified’ but calculated to be ½ standing height.
3 High-Resolution Peripheral Quantitative Computed Tomography (HR-pQCT) based finite element analysis (FEA).
4 Reported as Interquartile Range (IQR).
5 No sex differentiation reported.

Table 1. Current literature using the simple damper model to predict impact force in order to estimate the factor-of-risk (impact force: bone

failure load). Literature listed in chronological order.
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the damping coefficient would lead to over- or under-estima-

tion of impact force which would misguide fracture risk as-

sessment and treatment options.

Our primary objective was to determine whether the associ-

ation between impact force and impact velocity (i.e., damping

coefficient) was linear across fall heights from 3 cm to 25 cm.

We hypothesized that the linear assumption in the force-veloc-

ity relationship would justify usage of the constant damping

coefficient in the SDM. Our secondary objective was to assess

whether experimental data, with higher fall heights, would sup-

port usage of sex-specific damping coefficients in the SDM.

Methods

Participants

We recruited a convenient sample of 10 (5 males, 5 fe-

males) healthy adults (mean age (SD): 26 (4) years) to partic-

ipate in the study. Participant average height was 169.5 (SD

9.5) cm; males were 177.3 (SD 4.6) cm and females were

161.6 (SD 5.2) cm. The average mass was 74.0 (SD 14.3) kg;

males were 84.5 (SD 11.5) kg and females were 63.5 (SD 7.4)

kg. Participants were included in the study if they had no arm

or wrist fracture in the past 2 years, if they had no bone or

other diseases that predisposed them to an increased likeli-

hood of fracture, and if they had no shoulder or back injuries.

The maximum mass capacity of the experimental apparatus

is 130 kg, therefore any person exceeding that mass was not

invited to participate. Participants identified their dominant

arm to ensure safe landing. We did this for safety purposes as

the bones of the dominant limb are reported to be stronger

than those of the non-dominant limb in both unilaterally

trained athletes and non-athletic individuals29-31. These afore-

mentioned issues were addressed by asking the participants

to fill out a short questionnaire prior to their participation in

the study. Pertaining to handedness, the questionnaire asked

participants to identify the hand they write with. Participant

consent was attained prior to any involvement in the study.

This study was approved by the University of Saskatchewan

Biomedical Research Ethics Board.

Anthropometry

Participant height, without shoes, was measured using a

wall mounted stadiometer (Holtain Limited, Crymych, UK) to

the nearest 0.1cm. Participant mass, without shoes, was meas-

ured using a calibrated electronic scale (Toledo Scale Com-

pany, Thunder Bay, Ontario, Canada) to the nearest 0.1 kg.

Fall-release apparatus 

The fall-release apparatus consisted of a steel support frame

with hand hoist used to suspend the participant’s trunk into the

air. Participants were positioned with their dominant hand

aligned directly over the center of the force plate (Figure 1).

The force plate was covered with a 1 cm thick foam ‘yoga’

mat to reduce participant anxiety associated with falling. Par-

ticipants were fitted into an industrial fall restraint harness and

suspended above the ground via a cable and electromagnet.

The mass of the harness was 3.7 kg. The electromagnet was

secured to the steel frame of the fall-release apparatus. 

Figure 1. Experimental set-up of the fall-release apparatus and fall scenario. The participant’s torso is supported using an industrial fall-restraint

harness tethered to the fall-release apparatus via an electromagnet. Using the hand hoist, the participant’s torso is raised so that the outstretched

arm is at the pre-defined fall height directly over the force plate. The electromagnet is randomly timed to release the participant into a free-fall

towards the force plate. Foam mats (1 cm height) provide additional padding for knees and palms of hands. Kinematics of the arm and hand are

recorded using a 3D motion capture system (not illustrated).
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Determination of fall height

To accurately determine the fall height for each participant,

we used an eight camera commercial motion capture system

(Vicon Nexus, Vicon Motion Systems, CO) to track and re-

solve the 3-dimensional coordinates of passive reflective

markers located on the participant’s body. Fall heights were

determined by individually calculating the difference between

the participant’s hand and the top of the foam mat placed on

the force plate. The passive reflective markers were 14mm in

diameter and were secured to each participant using hypoal-

lergenic 2-way tape. Motion data were captured at 200 Hz.

The following seven nominal drop heights were used: 3, 5,

7, 10, 15, 20, 25 cm. Four repetitions of each height were at-

tempted for a maximum total of 28 trials per participant with

the order of all trials randomized. Not all trials produced useable

data, with approximately 25 trials per participant being included

in the analysis. The drop heights of 3 and 5cm were chosen in

order to make a comparison between the force data of this study

and that reported in Chiu and Robinovitch (1998). The fall

height of 25 cm was the maximum capacity of our apparatus.

Body positioning

Participants began on their knees, with their shins and the

dorsal/superior surface of the foot in contact with the ground,

holding their dominant hand and forearm outstretched in front

of them directly over the force plate (Figure 1). The partici-

pant’s right and left hands were staggered, with the non-dom-

inant arm slightly bent and raised relative to the outstretched

dominant arm similar to Chiu and Robinovitch (1998). The ra-

tionale for staggering the hands was so that the ground impact

would first occur on the dominant hand, followed by the non-

dominant hand. The participants were instructed to fully ex-

tend the elbow of their dominant arm during the fall and were

asked to maintain this position during impact in order to sim-

ulate the worst-case falling scenario. In order to assess partic-

ipant compliance with this instruction, passive reflective

marker clusters were attached to each participant’s forearm

and upper arm as illustrated in Figure 1. Placement of the

markers in these locations allowed us to calculate the elbow

angle and assess compliance in maintaining an outstretched

arm (the worst-case falling scenario) in all fall heights. Post-

test comparison indicated no significant differences in the

elbow angle across fall heights (average angle 2.9o, SD 4.3o).

Prior to release of the electromagnet, the body line was mon-

itored so that a straight line could be drawn from the knees to

the shoulders of the participants. Careful attention to body po-

sition was made to ensure the trunk was in-line with the femur

with no flexion at the hip.

Experimental fall procedure

The electromagnet that suspended the participant’s trunk

above the force plate was connected to a computer programmed

to release the participant after a random delay ranging from 0.1-

5 seconds. The only indication for the electromagnet release

was a verbal cue, “ready?”.

Impact force assessment 

The force at impact was recorded using a force plate (OR6-

7, AMTI, MA) embedded in the floor of the data collection

platform so that the measuring surface of the force plate was

flush with the floor. Force plate data were collected at 2000

Hz and filtered using a hardware low-pass anti-aliasing filter

with a cut-off frequency of 1000 Hz. Using custom software

(2006b, MathWorks; Natick, MS, USA), the peak impact force

(F1max) following impact was defined for each fall trail. The

average peak impact force for all fall trials, for each correspon-

ding fall height, was calculated for each participant.

Force profile

The experimental data resulted in a force profile with two

peak forces: F1max and F2max. The first force was a high-frequency

transient force (F1max) that occurred approximately 38 ms after

initial hand impact. F1max was followed by a lower peak force

(F2max) as the rest of the body (which was in motion at wrist im-

pact) decelerated, this resulted in the body’s load being trans-

mitted through the arm to the force plate4,6,32 (Figure 2). F2max

was found to occur approximately 106 ms after ground impact.

These observations of the force profiles are consistent with those

reported by Chiu and Robinovitch (1998).

Impact velocity assessment

Using the motion capture data, custom software (Matlab;

2006b, MathWorks; Natick, MS, USA) was applied to calcu-

late the vertical velocity of the hand. The velocity just prior to

impact (as identified from the force plate data) was calculated

for each fall trial for all participants. The average vertical im-

pact velocity of all fall trails, for each corresponding fall

height, was defined for each participant.

Mat adjustment

Although the ‘yoga’ mat (thickness 1 cm) that covered the

force plate had small damping capacity (damping ratio=0.08),

its inclusion did affect the resulting impact forces. To reflect

loading conditions on a solid surface, we adjusted the force by

accounting for the effect of the mat. We multiplied the mat’s

damping coefficient (75 Ns/m) by the velocity at each impact

and added this value to the corresponding impact forces de-

fined from force plate data: [F1max+(75 Ns/m*trial impact ve-

locity)]. Across all fall heights, this adjustment increased the

impact force by an average of 18%. This approach was verified

using in-house impact studies assessing impact forces with and

without the mat, including impact drop tests of a) solid objects

(e.g., 7 kg sphere) released from heights up to 25 cm; and b)

drop tests of individuals (not part of the current study; n=5)

from drop heights of 3, 5 and 7 cm. 

Statistical analysis 

We defined the damping coefficients as the slope of the re-

gression line relating the mat-adjusted impact force with the

velocity at impact (intercept: 0,0). We report the coefficient of

determination (R2) and the damping coefficient (force-velocity
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Figure 2. Experimental force (N) versus time (s) profile illustrating the initial peak (high-frequency transient force, F1max; represented by ‘*’)

that occurred shortly after initial hand contact, followed by a second peak (lower in magnitude, F2max; represented by ‘+’) which is the force to

decelerate the rest of the body mass. The blue (dashed) line represents the average male impact force at every fall height. The green (solid) line

represents the average female impact force at every fall height. Time=0 at initial contact with the force plate.

Figure 3. Impact force adjusted for the mat damper as a function of the impact velocity with increasing fall height. The star data points and

dashed line represent the male data and associated regression equation with R2. The circle data points and dotted line represent the female data

and associated regression equation with R2. The solid line and associated regression equation with R2 correspond to the combined sexes.
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slope) for all participants combined, as well as separately for

the males and females. To ensure that an equal number of fall

trials per sex were evaluated; we randomly matched the num-

ber of male and female trials for each fall height. For the first

objective, we tested the linearity of the association between

the mat-adjusted impact force and impact velocity across all

fall heights using the analysis of variance (ANOVA) linearity

and deviation from linearity tests. Significance was set to

P<0.05. For the secondary objective, we assessed whether the

fit (R2) of the linear regression model between the impact ve-

locities and forces across all fall heights improved when as-

sessed separately for males and females versus for both sexes

combined. All statistical analyses were performed using IBM

SPSS commercial statistics software (PASW, Version 22 for

Windows; SPSS Inc.; Chicago, IL, USA).

Results

The association between the mat-adjusted impact force and

the impact velocity was linear across all fall heights (Plinear=0.02,

R2
all=0.61; Pnon-linear=0.465) (Figure 3). The coefficient of deter-

mination (R2) for the relationship between the mat-adjusted im-

pact force and impact velocity (i.e., damping coefficients)

appeared to improve when assessed separately for males

(R2
males=0.70, coefficient: 627 Ns/m) and females (R2

females=0.81,

421 Ns/m) versus for both sexes combined (R2
all=0.61, 532

Ns/m) (Figure 3).

Discussion

This was the first study to test whether the linear assumption

of SDM for estimating the impact force during the worst-case

falling scenario is valid at higher fall heights. Experimental data

up to a fall height of 25 cm supported the linear relationship

between impact velocities and forces. Our damping coefficients

(sex combined: 532 Ns/m; males: 627 Ns/m; females: 421

Ns/m) from higher fall heights were comparable with previous

research validating the SDM up to a fall height of 5cm (sex

combined: 670 Ns/m; males: 790 Ns/m; females: 550 Ns/m)4.

Our data indicated a different damping coefficient for males

and females when estimating impact forces. This finding is

supported by others4,33. Despite these findings, sex-specific

damping coefficients have been rarely used when calculating

the factor-of-risk for distal forearm fractures in the literature

(Table 1). When estimating fracture risk, FE modeling can pro-

vide an approximation for bone strength (numerator) and mod-

els using a constant sex-specific damping coefficient (i.e.,

SDM; denominator) can provide an estimate of the impact

forces during a fall onto the outstretched forearm. It is impor-

tant to use sex-specific damping coefficients in these impact

force prediction models because the commonly used general

damping coefficient may overestimate fracture risk, especially

in females - a population susceptible to osteoporotic fracture

and most in need of accurate representation. The presentation

of false positives in fracture risk assessment may subsequently

lead to unnecessary treatment and exposure to detrimental side

effects of anti-resorptive medications34,35.

This study has strengths related to participant compliance in

elbow angle and body positioning during the fall test trials. Ac-

cording to previous research9, observed elbow angles in our tri-

als (average 2.9o, SD 4.3o) indicated that participant arms’

remained relatively straight (i.e., outstretched and stiff) during

the testing procedure. This signifies that all participants were

compliant with instructions to maintain an outstretched arm and

facilitated the simulation of the worst-case falling scenario.

Second, we paid careful attention to body position during each

fall trial to ensure the trunk was in-line with the femur with no

flexion at the hip. This ensured that the pivot point was at the

knee which provided a more accurate measurement of free-fall

impact forces when compared to a pivot point at the hip36.

Study limitations relate to achievable fall heights, mat ad-

justment, participant age, and sample size. First, while we re-

port fall data up to and including 25 cm, our maximum fall

height represents less than one third of the estimated standing

fall height of center of mass. The standing height of our par-

ticipants was 1.77 m for males and 1.62 m for females, and the

fall height associated with the impact velocity in the SDM has

been estimated at half the standing height19,14,21-23,26-28. Although

it would be ideal to measure the impact force at fall heights up

to half the participant’s standing height, it would increase the

risk of injury. Several of our participants experienced post-test

soreness in the palms of the hands, wrists, elbows and lower

back. Higher fall heights would require the use of a thicker

mat over the force plate to reduce participant anxiety associ-

ated with falling onto the outstretched hand. Using a mat, how-

ever, challenges the accurate estimation of the fall-related

impact forces. A second limitation in our study relates to this

damping effect of the thin yoga mat placed on top of the force

plate. To reflect falling conditions on a solid surface, we ad-

justed the measured impact forces using methods verified from

drop testing, with and without the mat, by dropping solid ob-

jects up to 25 cm and releasing five individuals from drop

heights of 3, 5 and 7 cm. Although the adjusted forces may not

perfectly reflect loading conditions on a solid surface, the lin-

ear SDM assumption was valid with and without mat adjust-

ment (results not shown). Third, due to safety precautions we

recruited young adult males and females for drop testing. It

would be advantageous to determine how the damping coeffi-

cient changes with age as available damping coefficients are

derived from young adult males and females4. Fourth, we as-

sessed the data from a small sample of males and females. It

would be prudent to cross-validate the models with new damp-

ing coefficients in a larger sample.

Summary

We investigated whether the association between impact

force and impact velocity (i.e., damping coefficient) was linear

across fall heights from 3 cm to 25 cm. We observed a linear

association between the mat-adjusted impact force and impact

velocity up to 25 cm. These results suggest that the linear SDM

is valid up to 25 cm. Our secondary objective was to assess
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the sex-specificity of the damping coefficients used in the

SDM. Experimental data supported the use of sex-specific

damping coefficients for males (627 Ns/m) and females (421

Ns/m) in the SDM when determining the factor-of-risk for dis-

tal forearm fractures.
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