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A B S T R A C T

Biomechanical limits based on pain thresholds ensure safety in workplaces where humans and cobots
(collaborative robots) work together. Standardization bodies’ decision to rely on pain thresholds stems from the
assumption that such limits inherently protect humans from injury. This assumption has never been verified,
though. This article reports on a study with 22 human subjects in which we studied injury onset in four
locations of the hand-arm system using an impact pendulum. During the tests, the impact intensity was slowly
increased over several weeks until a blunt injury, i.e., bruising or swelling, appeared in the body locations
under load. A statistical model, which calculates injury limits for a given percentile, was developed based on
the data. A comparison of our injury limits for the 25th percentile with existing pain limits confirms that pain
limits provide suitable protection against impact injuries, albeit not for all body locations.
1. Introduction

Cobots (collaborative robots) are ushering a new form of industrial
workplace that improves work conditions (Hentout et al., 2019). Their
human-friendly design and sophisticated sensors make them safe to
operate right next to humans (Villani et al., 2018; Krüger et al., 2009).
Biomechanical limits specify the maximum forces and peak pressures
for different body locations, which cobots may not exceed if they
collide with humans. The force and pressure limits currently in use for
cobots are reflective of pain thresholds that were ascertained experi-
mentally in human subject studies (Park et al., 2019; Melia et al., 2019;
Behrens et al., 2022). Their reliability to protect humans from injuries
is questionable since humans’ ability to sense pain is strongly subject
to emotional factors (Behrens and Elkmann, 2021). Pain limits can be
deemed injury-preventive when the findings of objective observations
indicate that they are below the threshold of injury onset.

We define injury onset as the threshold between pain and blunt
trauma manifested by bruising or swelling without any laceration,
abrasion, or fracture. External forces cause bruising when blood vessels
are deformed beyond their recoverable limits at which they begin to
rupture (Silver et al., 2003; Viano et al., 1989; Kieser et al., 2012; Di
Maio and Di Maio, 2001). Gravitational forces transport leaked blood
to the epidermis where it causes the typical discoloration (Di Maio and
Di Maio, 2001). Swelling caused by fibrin leaking into tissue is often a
side effect (Szczesny et al., 2001).
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The shape and kinetic energy of the object that collides with a
human body dictate the injury severity. Although kinetic energy plays
an important role, early research has shown that the rate and mag-
nitude of the contact force correlate best with the degree of tissue
damage (Hodgson et al., 1964; Gadd et al., 1968). This sensitivity is
attributable to the viscous-elasticity of soft tissue (Viano et al., 1989;
Viano and Lau, 1988). The anatomical variety of the human body is
another factor that causes tolerance levels to differ (Sugiura et al.,
2019; Raymond et al., 2009; Etheridge et al., 2005; Smalls et al., 2006).
Demographic parameters, such as age (Pintar et al., 1998b; Zhou et al.,
1996; Kent and Patrie, 2005; Nyquist, 1986; Haut, 2002; Bader and
Bowker, 1983) and gender (Cesari et al., 1980; Gadd et al., 1968;
Pintar et al., 1998a.; Viano et al., 1989; Bader and Bowker, 1983), also
influence human injury tolerance.

Only a few trauma studies have explored the mechanisms of slight
blunt injuries, such as bruising, albeit usually using porcine tissue or
pigs as subjects (Barington and Jensen, 2016; Fujikawa et al., 2017;
Sugiura et al., 2019; Shen et al., 2008; Sharkey et al., 2012; Mao et al.,
2015). Reliable limits for humans can only be expected from human
subject studies (Crandall et al., 2011; King et al., 1995; Payne et al.,
2013), though, such as those conducted by Desmoulin and Anderson
(2011) and Black et al. (2019). Given the small subject groups and
improper testing systems, the data from both studies are virtually
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unusable for assessing the reliability of the pain limits currently used
for cobots.

In this article, we present an impact study in which we experi-
mentally determined injury onset thresholds of four body locations in
the human hand-arm system. Our aim was to develop a parametric
model from censored observations obtained from our experiments,
which reproduces the observations’ statistical distribution. The model
we designed enabled us to calculate the desired injury onset limits,
which we then compared with the pain limits currently used for cobots.
The comparison indicates that the pain limits reliably protect humans
from impact injuries.

2. Methods and materials

In our study, we followed the approach of acquiring data in ex-
perimental impact tests with humans. We slowly increased the impact
intensity over a long period until signs of bruising or swelling appeared
on the body locations tested. The ethics committee of Otto von Guericke
University (Magdeburg, Germany) reviewed and approved the study
(reference number 47/13).

2.1. Human subjects

All in all, 24 subjects (12 females and 12 males) participated in the
study. None of them had preexisting conditions that could have caused
complications or biased the results. Table 1 presents an overview of
the subjects’ body parameters and the groups to which they were
assigned. Two female subjects from G1 and G3 quit the study before
the experiments had ended. Their data were discarded.

Table 1
Body parameters of the subjects of the study.

Group Females Males Both Age (y) Height (m) Weight (kg)

G1 7 8 15 39.3±14.3 1.75±0.07 70.0±8.6
G2 2 2 4 47.8±21.6 1.81±0.11 81.8±22.2
G3 1 2 3 49.0±14.9 1.79±0.06 77.7±8.4

2.2. Relevant variables

The variable used most frequently to set biomechanical limits is
maximum force 𝐹𝐶 (Yamada et al., 1996; Saito and Ikeda, 2005; Mewes
and Mauser, 2003; Behrens and Elkmann, 2014), i.e., the highest
magnitude of three-dimensional impact force 𝐟𝐶 ∈ R3×1 during contact
time 𝜏

𝐹𝐶 = max
0≤𝑡≤𝜏

‖

‖

𝐟𝐶 (𝑡)‖‖ . (1)

Since force limits do not include any information about the contact
surface 𝜕X𝐻 , they are only valid in conjunction with a specific contact
urface 𝐹𝐶 ∶= 𝐹𝐶 (𝜕X𝐻 ). Limits based on normal stress, such as peak
ressure, reflect the highest force concentration within the contact area
nd consequently include information on 𝜕X𝐻 . The peak pressure �̂�𝐶
oincides with the highest magnitude of the time-dependent stress field
𝐶 (𝐱, 𝑡) created by the impact at position 𝐱 ∈ R3×1 on 𝜕X𝐻

̂𝐶 = max
0≤𝑡≤𝜏,𝐱

Ψ𝐶 (𝐱, 𝑡) . (2)

he relationship between 𝐟𝐶 and Ψ𝐶 (𝐱, 𝑡) is established by

𝐶 = ∫𝜕X𝐻
Ψ𝐶 (𝐱, 𝑡)𝑑𝐴 , (3)

where 𝑑𝐴 denotes an infinitesimal element on 𝜕X𝐻 at 𝐱. The maximum
energy density is another variable that has been used in the past to
set biomechanical limits (Povse et al., 2011; Cardany et al., 1976;
Hallowell et al., 2017). It is derived from the energy density 𝑒𝐶 , i.e., the
concentration of impact energy within the contact area

𝑒𝐶 =
𝑥𝑑 (𝑡)

Ψ𝐶 (𝐱, 𝑡)𝑑𝑥𝑑 , (4)
2

∫0
Fig. 1. Body locations on the arm and non-dominant hand tested in the study. The
identifiers are the same as the ones used in ISO/TS 15066. Anatomical landmarks were
used to localize the body locations (see the Appendix).

where 𝑥𝑑 is the deformation of the body location. The maximum energy
density 𝑒𝐶 is yielded by

̂𝐶 = max
𝐱,𝑡

𝑒𝐶 (𝐱, 𝑡) . (5)

2.3. Experimental setup

2.3.1. Conditions
The findings presented by Behrens et al. (2022) indicate that the

human arm and hand, especially locations other than fingers, joints
and the like with underlying nerve tracts, have a high tolerance to
impact loads. Studying the hand-arm system first is expedient since
human arms and hands are the limbs most frequently exposed to robot
collisions. We selected four body locations in different regions of the
hand-arm system (see Fig. 1). This constituted the first experimental
condition. These body locations are a subset of the body locations for
which (ISO/TS 15066, 2016) specifies pain limits for use in robotics.
Distinct anatomical landmarks enabled us to precisely localize the
contact points to be tested (see the Appendix).

The surface of a colliding object significantly influences an impact’s
potential to cause injury. The shapes of the contact bodies used in the
impact tests are consequently the second experimental condition. We
were only able to find one contact body, called F-Q10, in the literature,
which had been used in other studies (Behrens et al., 2022; Park et al.,
2019; Melia et al., 2019). It is an aluminum cuboid, each edge of
which measures 14mm in length. Its edges are rounded to a radius of
2mm (see Fig. 2). The other contact bodies C-R5 and C-R40 made of
polyoxymethylene reproduce typical shapes found on robot surfaces.
C-R5 resembles a wedge with a vertical angle of 30° and a width of
80mm. The sharp edge that points toward the subject is rounded to
a radius of 5mm. C-R40 has a convex contact surface with a radius of
40mm, a height of 45mm and a width of 51mm. Table 2 indicates which
contact body was used for which subject group.

Maximum impact force can be estimated using the following sim-
plified model (Hodgson et al., 1965)

𝐹𝐶 ≈
√

𝑚𝐼 𝑐𝐻𝑣𝐼 , (6)

where 𝑚𝐼 is the impact mass, 𝑣𝐼 the impact velocity and 𝑐𝐻 the elastic-
ity of the body location under load. Both parameters are consequently
additional experimental conditions. Given Eq. (3), both parameters not
only influence 𝐹𝐶 but also �̂�𝐶 and 𝑒𝐶 . We tested each human subject
with three different impact masses 𝑚𝐼 ∈ {5.7 kg, 10.7 kg, 16.0 kg}. The
impact velocity 𝑣𝐼 was gradually increased until the impact caused

swelling or bruising.
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Fig. 2. Contact bodies used in the impact experiments. A pressure-sensitive film (gray area) was affixed to the contact body’s surface in every test. C-R5 and C-R40 are made of

polyoxymethylene and F-Q10 is made of aluminum.
Fig. 3. Picture of body location (13) humerus taken before an impact test with C-R5 (left). One week later, discoloration had become visible on the skin, indicating bruising
(right). This was treated as a positive observation.
Table 2
Distribution of the individual test outcomes where 𝑁𝐿 is the number of left-censored,
𝑁𝐼 the number of interval-censored and 𝑁𝑅 the number of right-censored observations.
Variable 𝑁 is the total number of tests that caused swelling or bruising (i.e., true
positive observations).

Subject group Body part 𝑁𝐿 𝑁𝐼 𝑁𝑅 𝑁

G1 (C-R5) (12) Deltoid m. 0 5 32 37
(13) Humerus 8 22 15 45
(15) Forearm m. 7 18 17 42
(25) Back of the hand 7 18 20 45

G2 (F-Q10) (12) Deltoid m. 0 2 6 8
(13) Humerus 0 7 4 11
(15) Forearm m. 0 8 3 11
(25) Back of the hand 0 6 6 12

G3 (C-R40) (12) Deltoid m. 0 0 4 4
(13) Humerus 0 2 3 5
(15) Forearm m. 0 1 5 6
(25) Back of the hand 0 2 7 9

2.3.2. Impact pendulum
In the study, we used the same pendulum as Behrens et al. (2022) to

replicate typical load intensities as they occur in robot collisions. It was
designed like other pendulums (Dhaliwal et al., 2002; Muggenthaler
et al., 2006; Randeberg et al., 2007; Delye et al., 2007; Han et al.,
2021) and provided means to vary 𝑚𝐼 and 𝑣𝐼 in the range of cobots’ pa-
rameters. The pendulum resembles a four-bar linkage with two parallel
bars, each of which measures 0.8m in length. A deflection mechanism
3

at the rear of the pendulum enabled us to increase the impact velocity
𝑣𝐼 in steps of 0.05m∕s up to 1.25m∕s. Additional weights can easily
be attached to the pendulum body, making it possible to vary the
impact mass 𝑚𝐼 between 1.9 kg and 20 kg. Each of the aforementioned
contact bodies (see Fig. 2) can be mounted on the piezoelectric load
cell (KISTLER 9327C with a range of ±1 kN and a maximum error
of 1.61%) located at the front of the pendulum body. The load cell
records the force in all three dimensions at 10 kHz and 16 bit, as in other
studies (Dhaliwal et al., 2002; Povse et al., 2011). Pressure sensitive
films were affixed to the surface of each contact body (TekScan I-Scan
5120 and 4205, range of 1.2 kN∕cm2 and maximum error of 10%). Each
of the films sample pressure at 1.24 kHz (film 4205) and 2.07 kHz (film
5120) with a resolution of 8 bit.

2.3.3. Test procedure
The experiments were conducted in weekly sessions during which

the subjects’ body locations were subjected to testing just once a week.
This provided enough time for subcutaneous bleeding to appear on the
skin. The body locations were visually examined and palpated at the
start of each session to ensure that they did not display signs of bruising
or increased tenderness. In the event a bruise was visible, the previous
session’s outcome was counted as a true-positive observation (i.e., blunt
injury). All uninjured body locations were marked and photographed
afterward (see Fig. 3).

A subject’s arm was positioned in front of the pendulum to en-
sure that the impact force acted perpendicular to each body location.
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Fig. 4. Iterative procedure applied to vary impact mass and impact velocity in a minimum number of tests per subject.
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Vacuum cushions and straps secured the arm’s position. Subjects wore
eye masks and headphones played with nature sounds during impact
tests to retain the element of surprise. Once everything was properly
arranged, the experimenter released the pendulum, which then struck
the body location at the desired impact velocity.

Immediately after being struck, the subject was asked to rate the
intensity of the pain felt by drawing a line on a printed 100mm
visual analog scale (VAS). The VAS comprises eleven segments ranging
from ‘‘no pain’’ to ‘‘unbearable pain’’. A line measuring ≥50mm or
longer indicates that a subject’s pain tolerance threshold (PTT) and
thus the range of tolerable pain was exceeded (Lacourt et al., 2012).
Ethical boundaries made the exceedance of the PTT the second stopping
criterion.

All body locations were visually reexamined for signs of swelling
after the tests. The appearance of swelling constituted the first stop-
ping criterion and meant to discontinue the tests on the injured body
location for at least two weeks. This period roughly corresponds to the
healing time of a bruise (Black et al., 2019). To minimize the total
number of tests per subject, we always started the first session with
the highest impact mass 16.0 kg and switched to the next lower mass
once one of the stopping criteria had been met (see Fig. 4). Since this
procedure also reduces 𝐹𝐶 (and all other relevant variables), the force
from the preceding test could not be exceeded (see (6)). This enabled
us to increase the last velocity set rather than having to restart with the
lowest velocity adjustable.

2.3.4. Signal processing
A phase-zero and fourth-order Butterworth low-pass filter with a

channel frequency class (CFC) of 100 was applied to reduce the noise
in the time-resolved force and pressure signals (J211-1, S., 2014). Once
the force signals had been filtered, we applied the following scaling
factor to eliminate the deviation of the force measured 𝐟𝑀 from the
actual contact force 𝐟𝐶 caused by the position and inertia of the contact
bodies (Nahum et al., 1972; Stalnaker and Melvin, 1976)

𝐟𝐶 =
(

1 +
𝑚𝐼
𝑚𝐵

)

𝐟𝑀 , (7)

here 𝑚𝐵 is the pendulum body mass and 𝑚𝐼 is the mass of the contact
ody attached to the load cell. Once the signals had been processed,
he maximum contact force 𝐹 , peak pressure �̂� and energy density
4

𝐶 𝐶
̂𝐶 were determined and calculated, as described in Section 2.2. The
signals recorded by the pressure films were additionally processed
with the same Gaussian filter and interpolation technique employed
in Behrens et al. (2022).

2.4. Data analysis

Approaching injury onset with velocity steps of 0.05m∕s inevitably
produced censored observations, i.e., the true but unknown observation
𝑦𝑖 lies within the interval (𝐿𝑖, 𝑅𝑖] spanned by the observations from
the penultimate and final tests. An observation is denoted as interval-
censored when 𝐿𝑖 > 0 and 𝑅𝑖 < ∞. Otherwise, 𝑦𝑖 is denoted as
left-censored 𝐿𝑖 = 0 when the first test with the lowest possible impact
velocity already caused an injury (i.e., limit of detection) and right-
censored 𝑅𝑖 → ∞ when the last test with the highest possible impact
velocity did not cause any injury (i.e., limit of quantification). To calcu-
late limits from the samples, we modeled the observations’ distribution
using a cumulative distribution function (CDF) that expresses injury
probability 𝑝 as a function of load intensity 𝑦𝑝 as follows

 (𝑦𝑝) = 𝑝 . (8)

The CDF can be parametric ( (𝑦); theoretical CDF) or nonparametric
(𝑛(𝑦); empirical CDF).

Given the second stopping criterion (exceedance of a subject’s PTT),
we had to assume that a significant number of samples would con-
tain more right-censored than left- and interval-censored observations.
These samples are treated as unbalanced samples, all others as bal-
anced samples. Each sample type required a different methodology for
estimating 𝑛(𝑦) and the parameter vector 𝐩 for  (𝑦).

Method for balanced samples. The Turnbull algorithm was specifically
designed to estimate 𝑛(𝑦) from samples with censored observations
(Lindsey and Ryan, 1998) and is therefore used here (and designated
‘‘method 1’’ or M1). Since the algorithm cannot estimate probabilities
for load intensities above the maximum 𝐵𝑚𝑎𝑥 of all observations in a
sample with

𝐵𝑚𝑎𝑥 = max
𝑖
{𝐿𝑖, 𝑅𝑖} , (9)

it will most likely truncate the curve that plots 𝑛(𝑦). The curve must
therefore be modeled with  (𝑦) in order to calculate probabilities for
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Fig. 5. Nonparametric CDF 𝑛(𝑦) and parametric CDF  (𝑦) estimated from samples measured in tests with C-R5 on (15) forearm muscle and F-Q10 on (25) back of the hand
sing method 1 (M1) and method 2 (M2).
Table 3
Limit for the 25th percentile of the injury onset threshold based on the maximum contact force 𝐹𝐶 in [N], peak pressure �̂�𝐶 in [N∕cm2] and maximum energy density 𝑒𝐶 in [J∕cm2].

he confidence interval [𝑦𝐿 , 𝑦𝑈 ] corresponds to a confidence level of 95%.
Group Body part 𝐹25 [𝐹𝐿

25,𝐹
𝑈
25] 𝜓25 [𝜓𝐿

25,𝜓
𝑈
25] 𝑒25 [𝑒𝐿25, 𝑒

𝑈
25]

G1 (12) Deltoid m. 372 [253, 723] 150 [122, 187] 1.91 [1.23, 2.71]
(C-R5) (13) Humerus 115 [66, 181] 145 [95, 222] 0.52 [0.32, 0.95]

(15) Forearm m. 256 [174, 334] 348 [250, 514] 0.71 [0.34, 1.08]
(25) Back of the hand 303 [224, 387] 1048 [676, 1414] 2.31 [1.22, 4.31]

G2 (12) Deltoid m. 211 [170, 264] 236 [193, 289] 5.98 [4.15, 8.00]
(F-Q10) (13) Humerus 114 [38, 210] 191 [76, 317] 0.48 [0.16, 1.48]

(15) Forearm m. 220 [149, 320] 235 [188, 444] 0.85 [0.57, 1.92]
(25) Back of the hand 249 [217, 287] 1038 [974, 1096] 3.14 [2.88, 3.55]

G3 (12) Deltoid m. 341 [330, 382] 118 [110, 136] 2.55 [1.75, 3.39]
(C-R40) (13) Humerus 642 [571, 770] 138 [130, 169] 1.03 [0.86, 1.39]

(15) Forearm m. 900 [846, 966] 153 [140, 190] 1.07 [0.97, 1.37]
(25) Back of the hand 692 [614, 781] 526 [483, 601] 2.53 [2.08, 3.38]
l
p
D
t
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𝑦 > 𝐵𝑚𝑎𝑥 with (8). An estimate of 𝐩 can be obtained using maximum
ikelihood estimation (MLE) and the likelihood function for differently
ensored observations, as developed by Delignette-Muller and Dutang
2015).

ethod for unbalanced samples. We synthesized observations 𝑦𝑖 using
idpoint imputation to estimate the nonparametric and parametric
DF for unbalanced samples. This method (designated ‘‘method 2’’ or
2) assumes that �̌�𝑖 lies in the center of (𝐿𝑖, 𝑅𝑖] (Sun, 2006). Right-

censored observations must be treated differently since they do not
have a finite upper boundary 𝑅𝑖 → ∞. As a workaround, 𝑦𝑖 can be
underestimated by setting it to 𝐿𝑖. Left-censored observations with
𝐿𝑖 → −∞ must be treated differently too. Assuming that an impact
with zero force cannot cause injury results in 𝐿𝑖 = 0 and an estimate of
𝑦𝑖 in the center of (0, 𝑅𝑖]. The following expression summarizes all the
cases

�̌�𝑖 =

⎧

⎪

⎨

⎪

⎩

1
2𝑅𝑖 𝐿𝑖 = 0
𝐿𝑖 𝑅𝑖 → ∞

1
2 (𝐿𝑖 + 𝑅𝑖) otherwise .

(10)

(10) renders all observations scalar values and makes it possible to
estimate 𝑛(𝑦) with the accumulated relative frequencies and  (𝑦) with
he MLE based on the standard likelihood function.

. Results

We conducted over 1000 impact tests, which ultimately produced
surprisingly small number of clearly visible bruises or swollen areas

i.e., true positive observations). Table 2 breaks down the number of
ifferently censored data obtained from the load tests. Observations
rom tests in which subjects had felt pain in the range of their pain
olerance threshold or beyond were not treated as right-censored and,
5

(

thus, discarded. The decision was made since a right-censored observa-
tion is defined as a result from a test with maximum impact velocity and
without relevant consequences (i.e., limit of detection). As we expected
before the experiments, the number of right-censored observations in
some samples, e.g., from tests with the large contact body C-R40,
exceeds the number of interval- or left censored observations. The
observations in these samples had to be modeled using the method for
unbalanced samples (method 2; see Section 2.4).

3.1. Data distribution

To express  (𝑦), we analyzed the log-normal, Weibull, and log-
ogistic CDFs, which are normally best suited for modeling injury
robabilities in trauma biomechanics (Kent et al., 2004). An Anderson–
arling test with all samples revealed that the log-logistic CDF matches

he data best. The log-logistic CDF is obtained from

(𝑦) =
{

1 +
(

𝑦
𝑦0

)−𝑎}−1

, (11)

where 𝑦0 is the scale and 𝑎 the shape parameter. The graphs in Fig. 5
plot 𝑛(𝑦) and  (𝑦) on the log-logistic model for tests with C-R5 on
the (15) forearm muscle (left) and tests with F-Q10 on the (25) back
of the hand (right). Table 4 lists the parameters estimated from all
balanced and unbalanced samples for 𝐹𝐶 , �̂�𝐶 , and 𝑒𝐶 . The coefficients
of determination 𝑅2 also listed in Table 4 confirm that most parameters
yield a good fit of the observations’ distribution (min𝑅2 = 0.688,
max𝑅2 = 0.981, and �̄�2 = 0.884).

.2. Injury onset limits

The pain limits currently used for cobots reflect the 75th percentile

P75) of human workers’ pain onset thresholds. Behrens and Elkmann
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Fig. 6. Relative comparison of pain limits (75th percentile) from Behrens et al. (2022) with injury limits (25th percentile) from this article. The distances of the red diamonds
from the blue line indicate the relative differences between pain and injury limits. The blue region is the normalized CI of the pain limits. The red whiskers are the normalized
CI of the injury limits. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 4
Estimated shape parameters �̂�0 and scale parameters �̂� for all samples. The coefficients of determination 𝑅2 reflect the model’s goodness of fit. The last column specifies the method
sed to estimate the parameter (M1 for balanced samples and M2 for unbalanced samples).
Group Body part 𝐹𝐶 �̂�𝐶 𝑒𝐶 M

�̂�0 �̂� 𝑅2 �̂�0 �̂� 𝑅2 �̂�0 �̂� 𝑅2

G1 (12) Deltoid m. 570 2.57 0.688 197 4.05 0.981 2.90 2.62 0.965 1
(C-R5) (13) Humerus 231 1.56 0.960 299 1.52 0.922 1.33 1.18 0.868 1

(15) Forearm m. 391 2.61 0.967 606 1.98 0.964 1.46 1.53 0.884 1
(25) Back of the hand 424 3.29 0.908 1602 2.59 0.858 5.12 1.38 0.787 1

G2 (12) Deltoid m. 243 7.78 0.970 283 6.10 0.962 7.55 4.74 0.955 2
(F-Q10) (13) Humerus 208 1.82 0.813 313 2.24 0.856 1.13 1.29 0.834 1

(15) Forearm m. 293 3.82 0.738 348 2.81 0.715 1.48 1.98 0.708 1
(25) Back of the hand 277 10.29 0.927 1231 6.45 0.817 3.83 5.51 0.814 1

G3 (12) Deltoid m. 358 22.28 0.857 132 10.36 0.794 3.07 5.87 0.906 2
(C-R40) (13) Humerus 709 11.10 0.947 150 12.63 0.875 1.22 6.18 0.956 2

(15) Forearm m. 946 22.33 0.950 180 6.72 0.909 1.33 5.04 0.904 2
(25) Back of the hand 761 11.72 0.940 618 6.84 0.946 3.14 5.06 0.979 2
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(2021) recommend adding new limits for the 25th percentile (P25) of
thresholds for blunt injury onset to the current pain limits. We used
the parameters listed in Table 4 and the inversion of (8) to calculate
the P25 limits for blunt injury onset and their confidence intervals (CI;
confidence level of 95%) presented in Table 3. Since our data include
epeated measures, cluster bootstrapping was used to incorporate the
nter-subject variance in the estimation of each sample’s CI. A similar
rocedure was presented by Bellamy et al. (2004). In our case, a cluster
ncludes all observations related to one subject.

To compare our P25 injury limits �̂�𝐼25 with currently available P75
ain limits �̂�𝑃75, we treat �̂�𝑃75 as the reference based on which �̂�𝐼25 and
heir CIs [�̂�𝐼,𝐿25 , �̂�

𝐼,𝑈
25 ] are normalized as follows

𝑌 (𝑦) =
𝑦
�̂�𝑃75

. (12)

ig. 6 plots the relative differences between both limit types based
n maximum force 𝑌 =̂𝐹𝐶 (left graph) and peak pressure 𝑌 =̂�̂�𝐶 (right
raph). A graph for 𝑒𝐶 (energy density) could not be plotted since
t has not yet been used to specify pain limits. The blue bottom
ines denote the position of 𝜙𝑌 (�̂�𝑃75) = 1 in each section. They are
nclosed by blue regions signifying the pain limits’ normalized CIs
𝜙𝑌 (�̂�

𝑃 ,𝐿
75 ), 𝜙𝑌 (�̂�

𝑃 ,𝑈
75 )]. Red diamonds and vertical lines plot the posi-

ion of the normalized injury limits 𝜙𝑌 (�̂�𝐼25) and their normalized CIs
𝜙𝑌 (�̂�

𝐼,𝐿
25 ), 𝜙𝑌 (�̂�

𝐼,𝑈
25 )]. Whenever a normalized CI of an injury limit over-

aps with a blue region around a bottom line, the related pain limit is
6

robably unable to protect the related body location from injury. p
. Discussion

Little was known about blunt injury onset and its threshold’s impact
ntensities prior to our study. To date, only Desmoulin and Anderson
2011) and Black et al. (2019) have conducted impact experiments
ith human subjects in which bruising was produced on various body
arts. The low number of injury studies with human subjects is most
ikely attributable to ethical barriers or difficulties protecting study
articipants from serious injuries (e.g., fractures). We designed a new
nd ethically acceptable approach to experiments for our study of
he onset of blunt impact injuries. The experiments were specifically
esigned to replicate typical impact loads that act on the human body
n collisions with cobots. Protection from serious injuries was primarily
nsured by employing a simple pendulum as the testing instrument to
lowly approach the injury onset threshold over a long testing period.

stopping criterion related to the subjects’ individual pain tolerance
hreshold additionally ensured that we did not subject participants to
nethically high impact loads.

The objective of our study was to calculate limits for a specific
ercentile of the test population’s individual blunt injury thresholds.
ollowing Desmoulin and Anderson (2011) and Kent et al. (2004), we
sed a log-logistic CDF to model the injury probability as a function
f impact intensity. A load-cell and pressure films enabled us to ex-
ress the impact intensity with three different variables, specifically
aximum impact force, pressure and energy density. The ability to

alculate force and pressure limits is essential to expanding the current
ain limits specified by ISO/TS 15066 (2016). The model parameters
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listed in Table 4 can be used to calculate limits for any percentile. It is,
however, strongly advised to treat all the limits obtained with caution
since most of the parameters are based on data from quite small sam-
ples (see Table 1). Organizational and budgetary constraints precluded
the involvement of more subjects, though. The small sample sizes
consequently made it impossible to analyze covariates (e.g., impact
mass or gender).

Of course, our test procedure has limitations and potential sources
of errors that may affect the quality and validity of our findings. For
instance, interrater and intrarater differences cannot be analyzed. Only
one experimenter performed the tests throughout the entire study.
Moreover, each combination of experimental conditions was only tested
once. These circumstances make it difficult to detect systematic errors.
We gave priority to developing a detailed study protocol that clearly
guides the experimenter through all steps to reduce interrater differ-
ences. One potential source of error was the visual examination of
the body locations for signs of bruising and/or swelling, which can
yield false negative observations. To verify its reliability, we also took
blood samples from and body temperatures of all subjects and examined
some with magnetic resonance imaging (MRI). We intend to analyze
the correlation of the additional data with the results from the visual
examination in our next article.

The small and sometimes unbalanced samples notwithstanding, we
are confident that our results provide valuable insight into the reliabil-
ity of pain onset limits, as we intended. As stated in Section 3.2, we
deem P75 pain limits injury-preventive when their CIs do not overlap
with the CIs of the P25 injury limits listed in Table 3. We used pain
limits from our recent article (Behrens et al., 2022) as reference values.
In Fig. 6, the overlap for body location (13) in the right-hand graph
indicates that the related pain limit based on 𝐹𝐶 does not provide
rotection against impact injuries from semi-sharp surfaces. The results
rom the tests with C-R5 and F-Q10 illustrate this quite clearly. The
imits for C-R40 paint a different picture and demonstrate that limits
or blunt surfaces ought to be based on 𝐹𝐶 and data measured with
arge contact bodies such as C-R40. The overlap for C-R40 in the left-
and graph indicates that injury limits based on �̂�𝐶 are better suited
or semi-sharp contact surfaces, except for body location (13) where
e are unable to confirm that P75 pain limits are injury-preventive for
lunt or semi-sharp surfaces, as assumed in ISO/TS 15066 (2016).

. Conclusion and outlook

In this article, we presented an experimental study in which we
erformed impact tests on four locations on the human arm with 22
uman subjects. A pendulum with a variety of masses and contact
odies was used to exert impacts of increasing intensity until the
oad produced signs of bruising or swelling. We developed a statistical
odel from the maximum forces, peak pressures and maximum energy
ensity measured, which enabled us to calculate injury limits for any
ercentile. The relative comparison of the injury limits for the 25th
ercentile with force and pressure pain limits for the 75th percentile
onfirmed that pain limits used in cobotics can prevent injuries on all
he body locations tested, except body location (13) humerus.

Given the limited knowledge in the literature, we decided to test
nly four body locations on the human arm, the body part most
requently exposed to robot collisions. The number of body locations
xamined is much smaller than the 29 body locations for which pain
imits exist (ISO/TS 15066, 2016). The limits for the human hand-arm
ystem provide a starting point for future studies of injury onset limits
or other body locations, though. Our findings and conclusions ought
o be treated as preliminary since the subject groups tested were quite
mall. More data will have to be collected in other tests with more
ubjects. We intend to conduct a follow-up study with more subjects
nd under improved experimental conditions in the near future. MRI
ill replace visual examination in the envisioned follow-up study to
liminate false positive observations.
7
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Appendix

We used the following anatomical landmarks to localize the body
locations:

(12) Deltoid m. The contact point lies in the lateral middle line of the
upper arm. Its distance from the acromion is 50mm.

(13) Humerus The contact point is on the line running from the
acromion to the upper end of the elbow joint. Its cranial distance
from the elbow joint is one-third of the line’s length.

(15) Forearm m. The contact point lies a lateral distance of 40mm
from the supporting point, which is on the line running from
the superior border’s center to the outermost lateral point of the
triquetral bone. The distance of the supporting point from the
superior border’s center is 100mm.

(25) Back of the hand The contact point lies between the MCP
(metacarpophalangeal joints) of the middle finger to the wrist.
The distance from the MCP is one-third of the total distance from
the MCP to the wrist.
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