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Force, impulse and energy during
falling with and without knee
protection: an in-vitro study
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Published online: 17 July 2019 . The mechanics of protective knee padding mitigating injury from a high-force fall have not been
. investigated in real-life scenarios to date. This study compares the effect of wearing knee pads to
unprotected impact on a hard surface. We hypothesized that knee pads reduce the force and energy
. transmitted to the bony structures of the knee cap compared with unprotected conditions. Eight human
. knee cadaver specimens were embedded and fixed with a flexion angle of 100 degrees in a custom-
* made drop testing device (75 kg including the knee). The usage of a knee pad led to an average peak
. force attenuation on impact of 15% (no pad: 5932 N SD: 2472 N; pad: 4210 N SD: 2199 N; p < 0.001).
. Contact time on the plate was higher with a knee pad (no pad: 0.015sSD: 0.009s; pad: 0.028 s SD:
. 0.014s; p < 0.001). Therefore, the observed impulse was also increased (no pad: 62.2 Ns SD: 17.8 Ns;
. pad: 74.6 Ns SD: 18.6 Ns; p < 0.001). This effect diminished as drop height was increased. Energy
. dissipation, defined as the difference between kinetic energy pre-impact and peak potential energy
. post-impact, was higher without a knee pad (no pad: 10.5JSD: 6.2J; pad: 4.2JSD: 5.0J; p < 0.001).
. Theresults from this study illustrate the magnitude of influence that knee pads have on peak forces,
. transmitted impulse, and energy transfer from a high-force impact in real-life scenarios. Contrary to
. expectations, the knee pad did not act as a mechanical damper. The mechanical behavior more closely
resembled a spring that temporarily stores energy and consequentially reduces peak forces upon
. impact. Based on this study, future developments in padding might benefit from focusing on the aspect
. of energy storage and temporarily delayed energy dissipation.

. Impact on the knees during a fall is a hazard prevalently occurring during various sporting activities, or in the
: elderly community'? In some sports, the usage of protective equipment, such as pads, is mandatory. To reduce
- the risk of injury, padding must reduce the impact forces acting on the musculoskeletal system. This can be
. achieved by either damping (i.e. dissipation of energy), or temporarily storing energy. For athletes, the use of
. kneepads results in a 56% reduction in the rate of knee injuries’. In the elderly, special padding on the hips can
- reduce the effect of an unexpected fall*. In addition to preventing major fractures, a reduction in local pressure
. on the impact zone is also desirable. For simple pads, a proportional relationship was found between maximum
: acceleration, which is directly proportional to force, and peak pressure®.

: In the real world, a hazardous load is induced via a short impulse after conversion of potential energy while
. standing to kinetic energy during a fall®. Previous literature, concerning the fracture of human femurs as a result
. of falling, conducted biomechanical tests in a quasi-static state and fracture was induced by force’. A few studies
: that used high-velocity impacts had a very high incidence of bone fracture, from 27% with a crushing interface
. to 100% with rigid contact®®. The aim of our study was to find a dynamic load scenario between these extremes
. which mimic loads during falling, and does not necessarily lead to a fracture.

: A standard for protective padding was established several years ago®. Although this standard allows for com-
. parison among different pads, it does not provide a benchmark reference that includes data from human tissue.
. The design of our study attempts to reflect loading conditions on the knee that were previously observed in gait
* analysis and numerical simulation studies'>'2,

: Currently, only very limited data exist on the mechanics of protecting pads in high-force scenarios. In this
. study, the effect of wearing knee pads is compared to an unprotected impact on a hard surface. The results of the
. presented study can serve as a reference when evaluating protective padding materials. We hypothesized that
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Figure 1. Custom made drop testing device for human knee specimen (mounted to MTS MiniBionix II, Model
858, Eden Prairie. Minneapolis).

knee pads reduce the force and energy transmitted to the bony structures of the knee cap compared with unpro-
tected conditions.

Methods

For ethical reasons, tests evaluating the effectiveness of knee padding should not be performed with live partici-
pants, or trials need to be limited in force and energy to minimize pain and fracture risk to the participants**. A
part from numerical simulation, in-vitro testing with cadaver specimens also allows the carrying out of high-force
impact studies in a controlled environment. Previous studies focused more on subchondral damage after impact
loading, by utilizing porcine, canine, or leporine models'*-6, which cannot be applied directly to conditions in
human subjects and differ in focus.

Eight cadaveric human knee specimens were obtained from six donors (Science Care, Phoenix, Arizona,
USA). The donors, or authorized representatives, gave informed consent for the use of these specimens in scien-
tific research. Mean age of the donors was 68.3 years and their mean weight was 77.3 kg. Available medical records
on the donors did not report any pathology in the lower extremities. Ethical approval was given by the local Ethics
Committee of Hanover Medical School, under the lead of Professor Troger (approval No. 1320-2012), and experi-
ments were performed in accordance with relevant guidelines and regulations. Before preparation, the knee spec-
imens were thawed at room temperature overnight. After the specimens thawed, the skin and subcutaneous soft
tissue were removed at the proximal and distal end, leaving the muscles, articular capsule, tendons, and ligaments
intact. The tibia and femur were embedded centrally into a metal shell using cold-curing, three-component resin
(Rencast FC52/53 Isocyanate, FC53 Polyol, DT82 Filler, Huntsman Corporation, The Woodlands, USA). The
femur and tibia had a minimum residual length of 170 mm outside of the embedded section. The patella was held
in place by applying tension to the quadriceps tendon via an embedded wire. The amount of force was adjusted
manually to ensure firm positioning of the patella.

The knee specimens were fixed with the femur perpendicular to the impact surface at a flexion angle of 100
degrees in a custom-made drop testing device. The drop testing device was mounted onto a servohydraulic mate-
rial testing machine (MTS MiniBionix II, Model 858, Eden Prairie, Minneapolis), as shown in Fig. 1. The flexion
angle was chosen to replicate the physiologic impact angle for a knee during a fall'?. The testing device had a total
mass of 75kg including the knee specimen, resembling the body mass of an average adult.

A commercially available knee pad (Oxygen 2, Thailand) with a hard polyethylene (PE) shell and a soft foam
insert was attached to the knee for the protective padding portion of the testing. This knee pad was chosen to rep-
licate the protective conditions in a previously conducted study which evaluated a healthy participant subjected to
various falling scenarios'? The exact mechanism of protection was not known and will be one of the results from
this study. In this study, specimens were lifted 10, 20, 30 and 40 mm from a fully resting position on a force sensor
and subsequently released to fall along guiding rods onto a rigid and level aluminum plate. Each height was tested
once per specimen and condition, with the padded condition first. Falling height was determined a-priori during
pre-tests with one additional knee specimen, in order to have measured forces correspond to realized forces of a
real-life fall'™'2. Force and falling speed were continuously monitored at 1,000 Hz. The falling speed was obtained
by differentiating position data from a plunger coil. Rebound height of the knee was calculated from the lowest
position at impact to the maximum bounce height.

Peak force was recorded in each trial and shows the maximum force in the trial from the initial impact and
not the subsequent force after bouncing. The impulse is the integral of force and time from the beginning of
a trial until the force has dropped below 50% of its maximum value. This percentage of maximum value was
chosen because it is applicable to all trials unedited. Duration of force was defined according to a referenced
study'?, as the time during which measured force was above 50% of the peak force. Kinetic energy was defined
as E,,.=0.5mv* (m: mass and v- velocity of the drop frame) and potential energy as E,,,, = mgh (g: gravitational
constant and h: rebound height). Energy dissipation was defined as the difference between maximum kinetic
energy pre-impact and maximum potential energy post-impact.
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Figure 2. (A) Peak force plotted over peak falling speed. (B) Impulse plotted over peak falling speed. Trials
without a knee pad are colored in red, trials including a knee pad are colored in blue. The range of values
observed during forward falling and landing on one knee of human subjects are shaded in green, and the
average is indicated as a green line'”.

Statistics

Determination of sample size (n = 8) was done before beginning the testing and was based on established pro-
tocols for in-vitro tests, as well as budget limitations. Statistical comparison was performed by paired Wilcoxon
tests, with a significance level of alpha =0.05, where applicable. Regression analysis was conducted by fitting a
linear model for the response (i.e. peak force, impulse, potential energy after impact, and energy dissipation)
over a predictor variable (i.e. speed and kinetic energy before impact). For comparison to real-life scenarios, the
authors had access to the source data of Welke et al.'>.

Results

A total of 64 tests were conducted. For various reasons, a few trials (n =4) could not be completely processed:
specimen number 13 was not tested in the 10 mm falling height (n=2); and data from specimens number 3 and
number 10 could not be processed due to low impact force and speed in the padded 10 mm drop height condition
(n=2).

Abiding by the laws of physics, higher falling heights were associated with higher falling speeds. Peak
impact forces ranged from 1,800N to 11,600 N and there was a linear dependence to falling speed (regression’s
R%,04=0.60 and R, oteced = 0.45). The usage of a knee pad lead to a significant attenuation of peak forces on
impact by an average of 15% (Fig. 2a) compared to the unprotected condition (p < 0.001). The measured forces
were generally in a range similar to the forces observed during real-life falling scenarios, with the more extreme
conditions exceeding them by a factor of four!?.

The duration of contact in trials with a knee pad was significantly longer than in unprotected knee trials
(pad: 26.9 ms, SD: 14.4 ms; unprotected: 15.0 ms, SD: 8.9 ms; p < 0.001). Therefore, the observed impulse was
significantly increased (p < 0.001, Fig. 2b, example: Fig. 3). The difference in impulse, between the padded and
unprotected conditions, diminished with increasing falling speed.

Energy dissipation showed a strong linear dependence on falling speed (regression’s R*,,4=0.71 and
R® uprotected = 0.91) and was significantly higher without a knee pad (p < 0.001, Fig. 4a,b). The difference in energy
dissipation between the padded and unprotected condition was negligible at low falling speeds, up to 400 mm/s
with energy below 2], while increasing to over 7] with falling speeds over 600 mm/s.

A fracture of the bone was observed in 2 out of 8 specimens, via x-ray examination carried out after testing.
Both were distal femoral fractures originating between the condyles. In one case, the fracture continued spirally
through the diaphysis and in the other case it ended after 6 cm. No microcracks were visible in any of the con-
ducted x-ray examinations.

Discussion

The results from this study illustrate the magnitude of influence that knee pads have on peak forces, transmitted
impulse, and energy transfer from a high-force impact in real-life scenarios. In the design of our study, we tried
to achieve highly dynamic loads on the knee, as previously observed in a gait analysis and numerical study, and
further exceed those loads!'""'2. It was important that duration of the loads was in the range of 10 ms. Therefore an
actuator driven test, such as with a servohydraulic test machine, was ruled out. The load on the femur is applied
by first converting potential energy to kinetic energy, which leads to a force acting over a specific amount of
time, known as an impulse. This impulse loads the specimen, the resulting rebound possessing kinetic energy,
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Figure 3. Force plotted over time in a typical trial. The falling height was 30 mm and the unprotected condition
is shown in red and the pad condition in blue. The impulse as calculated from the force —time integral used

for analysis is highlighted as a shaded area for both conditions. Duration of force as calculated according to'?
and is indicated by arrows in corresponding colors. Both plots are aligned to have their force peak at t=0.1s for
comparison.
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Figure 4. (A) Peak potential energy of the drop testing device after impact plotted over peak kinetic energy
before the impact. Equilibrium is highlighted in yellow. (B) Differences between both energies (i.e. dissipation)
plotted over peak falling speed. Trials without a knee pad are colored in red; trials including a knee pad are
colored in blue.

and finally potential energy at the apex of the rebound. During pre-tests, neither using the same falling height as
observed in reality (roughly 450 mm), nor using the same falling speed (up to 800 mm/s) were considered to be
appropriate matching parameters because our rigid set-up did not flex in the hip, as a human would when falling
on the ground'?. Hence, we decided to match the in-vitro setup to the previous study on acting force and impulse
which resulted in falling heights between 10 mm to 40 mm.

As desired, values for forces were comparable to a previous inverse dynamics study by Welke et al., where for-
ward falling of a healthy subject was investigated'. Reviewing the source data of Welke et al., we found 61% of the
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measured impulses were higher than the impulses observed during real-life scenarios. The range of the real-life
impact impulse was 32 Ns to 55 Ns, while observations in the preset study ranged between 25 Ns and 106 Ns.

Contrary to expectations, the knee pad did not act as a mechanical damper. The mechanical behavior more
closely resembled a spring that temporarily stored energy, reduced peak forces, and prolonged the duration of
impact.

Our tests can be classified as ranging from elastic to fracture (at least in two cases) according to Gupta ef al.””.
As the specimens cover this whole range, we could expect to have some specimens in the continuum damage
range. However, we could not observe any corresponding microcracks in the standard x-rays because of limited
resolution. Both fractures are likely attributed to the shear forces occurring when one condyle begins transmitting
load to the diaphysis, while the other is not in contact with the surface yet.

A study conducted by Hoshino and Wallace tested the impact absorbing properties of the knee in a fully
extended position, which was closer to a landing model and slightly different from the current falling model'®.
Their focus was to investigate the effect of a total knee replacement on peak impact forces compared to an intact
knee. While their reported forces were much lower than those in the presented study (intact knee: average of
1598 N), their reported durations of contact were also lower (intact knee: ~2 ms). These two effects combined and
led to a reduced impulse.

A study performed by Atkinson and Haut investigated the effect of different knee flexion angles on forces and
fractures after impact by one rigid and one deformable body®. They found lower peak forces (mean peak force
for deformable and rigid impact: Atkinson: 5.3 kN; our study: 7.3 kN) and higher impact energies compared to
the highest falling height in our study (mean energy for deformable and rigid impact: Atkinson: 31.1J; our study:
23.1]) for a 90 degree flexion angle. According to Atkinson, the flexion angle has a significant effect on impact
energy, with peak forces and temporal impact parameters with a 120-degree flexion angle having the highest
loads. It should be noted that their deformable surface is not comparable to the knee pad in the presented study,
since it is made of a crushable aluminum honeycomb structure. They found a high number of gross macrofrac-
tures with a rigid impact (n=18/18) and concluded that an energy of 28] was needed to produce a fracture. With
a crushing force impact, a lower number of fractures (n = 5/18) was observed and the energy required was found
to be 56]. However, they did not calculate the energy dissipated by the bone.

The major limitation of this drop setup is the high-rigidity of the drop frame and the mounting method of
the knee. In natural falling where the individual is unable to stop the fall with their hands, the hip would flex and
consequentially reduce forces during impact. An additional limitation related to the experimental setup is the
fact that the specimens do not reach their theoretical falling speeds and speeds between specimens varies. This is
explained by friction in the setup and a non-ideal release of the drop test frame. The effect is more pronounced at
lower falling heights. Another noted limitation is only the first peak in measured forces was evaluated. Subsequent
forces as a result from oscillation of the knee on the plate were neglected. The authors regard this procedure as
valid, because subsequent forces were comparatively lower than the first peak and therefore unlikely to be respon-
sible for damaging the bone. As another limitation, the forces generated in the drop impact can be considered
as very high compared to forces observed in protective equipment testing. In standardized testing of protective
equipment, mean forces shall not exceed 6 kN'°. This however does not prevent such high forces from occurring
in reality.

In the measurements, some outliers belonging to the protected knees are present that appear to violate the
principle of energy conservation, since post-impact potential energy was higher than the pre-impact kinetic
energy at lower speeds. This is due to calculation of the pre-impact energy being based on maximum falling
speed. In the case of protected knees, at the time of maximum speed, potential energy is not completely converted
to kinetic energy because the knee pad slows down the falling and energy is stored. Therefore, the pre-impact
energy is underestimated in the protected knees. The last noted limitation is only one type of knee pad was used in
the trials. There are certainly other protective devices available on the market, but the majority consist of similar
technology, using foam as a shock absorber. Comparing different protective pads was beyond the scope of this
study.

Conclusion

This study revealed the observed reduction in peak force, transmitted impulse, and energy absorption from fall-
ing onto a knee that is padded compared to an unprotected knee. The pad behaves like a mechanical spring,
which temporarily stores energy. Further research should include the influence of the pad material and shape.
Additionally, the ideal protection mechanism (e.g. reduced peak force, reduced impulse, increased energy dissi-
pation) for the knee should be investigated. The application of high-frequency pressure sensors would explain the
extent to which the contact area of the impact increases with protection. The ideas presented in this study might
aid in developing advanced concepts for hazard-reducing padding utilized in an automotive interior, or crash test
dummies"’.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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