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1 Introduction

Collaborative robots are intended for operation in a fenceless environment and proximity to hu-
mans. Such a constellation has many advantages for professional liability insurers, especially in
terms of improved work conditions and ergonomics, better inclusion of workers with special
needs, and long-term employment prospects for workers. Moreover, collaborative robots have
great potential to mitigate people’s impulse to bypass safety guards since they do not restrict
access to their work areas. Supported by the German Social Accident Insurance Institution for the
Woodworking and Metalworking Industries (BGHM), the Fraunhofer IFF laid the groundwork for
refining the biomechanical limits already published by the German Social Accident Insurance
(DGUV) in their information sheet FBHM 080. A second objective was to contribute these limit
values to the revision of ISO/TS 15066 technical specifications for the organization of safe use of
collaborative robots in industry. The first edition of ISO/TS 15066 still in effect includes a list of
biomechanical limits indicating the onset of pain. This list is intended to enable robot users to
assess their robots’ capability to injure humans. The majority of these limits, however, are provi-
sional since a complete set of verified and reliable limits was unavailable when the ISO committee
published ISO/TS 15066.

The Fraunhofer IFF has completed three studies to date, which refine and expand the biomechan-
ical limit values in FBHM 080 and ISO/TS 15066. The objective of each study was to determine
pain thresholds for a specific load type and a specific set of body locations. In keeping with ISO/TS
15066, we distinguish between the load types of clamping (quasi-static contact) and impact (tran-
sient contact). We finished the final study in October of 2019. The quantity of data suffices to
specify a set of verified and reliable limit values for all load types and body locations as specified
by FBHM 080 and ISO/TS 15066. This report summarizes the results from all the studies completed
and presents the desired set of limits.



2 Obijectives and General Conditions

2.1 General Approach and Hypotheses

The general approach of all the studies was to subject volunteers to different clamping and impact
loads. In every single test, the load intensity was slowly increased until the subject sensed that the
pressure stimulus caused slight pain at the loaded body locations. We defined this point as the
onset of pain and designated it as the stopping criteria for all load tests as well.

Data from the literature indicate that individuals’ pain thresholds are significantly higher when
they are exposed to impact loads than when they are exposed to clamping loads (Yamada et al.
1996; Yamada 1997; Yamada et al. 1997). Hence it follows that the rate of the force has an
influence on the pain threshold (Takala 1990; List et al. 1991; Isselee et al. 1997; Sarlani und
Greenspan 2002). Other sources show that the pain threshold also depends on the size and shape
of the contact area (Bishop 1945; Povse et al. 2010b; Povse et al. 2010a, 2011; Saito und lkeda
2005). In light of these findings, we decided to determine impact and clamping limits with differ-
ently shapes contact bodies (probes). The clear evidence in the literature notwithstanding, we
hypothesize:

Hypothesis 1: The shorter the period of the contact is, the higher the pain thresholds are.

In addition to the load type and intensity, the type of contact area also has a significant impact
on the stress level a load is expected to produce. FBHM 080 and ISO/TS 15066 therefore distin-
guish between pressure- and force-based limits for both quasi-static and transient contacts. Pres-
sure-based limits are intended for assessments of the degree of risk from semi-sharp robot sur-
faces, which are likely to come into contact with humans because of foreseeable misuse, while
force-based limits are intended for assessments of the risk from blunt robot surfaces. Based on
this we can hypothesize:

Hypothesis 2: The smaller the contact area is, the lower the force-based pain thresholds are.

The pain biomechanics of the human body explains this hypothesized relationship. All signals from
the nerve endings sensing pain converge at a certain point in the spinal cord. This point functions
similarly to a summing unit which only transfers the signals received when their sum exceeds a
certain threshold (Vierck et al. 1997). A few high-magnitude signals or a large number of low-
magnitude signals can exceed the threshold. A low number of high-magnitude signals are likely
to correspond to peak pressures acting on soft tissue, while a large number of low-magnitude
signals are likely to correspond to an external load transmitted to the human body by way of a
large contact area. Another explanation is the density of the nociceptive nerve endings, which
varies according to the body location (Arthur und Shelly 1959; Lauria et al. 1999; Besne et al.
2002).

Figure 1 visualizes the relationship between pressure and force limits introduced (IFA 2009). A
threshold curve represents the maximum permissible contact force as a function of the contact
area. Any contact situation falling below this curve is unlikely to cause any severe pain or injury,
while any contact above the line most likely will. The first part of the curve is a line starting from
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the origin. The line has a constant slope that corresponds to the maximum permissible pressure
. Once the contact area A reaches a certain size, the curve saturates to the force limit £, meaning
the size of the contact area A has no effect on the force limit F(A) from this point onward

Since the contact area A is unknown at the breaking point, it is necessary to establish whether
the robot being analyzed and the contact situation exceed both limits. In order to determine
and F for all load types and body locations, we decided to use two differently shaped contact
bodies to apply loads to subjects’ body locations in the tests (see Section 3.1.3).

We had two differently operating testing systems available to apply clamping and impact loads.
The system used to apply clamping loads was an algometer developed by the Institute for Occu-
pational Safety and Health (IFA of the DGUV; see Section 3.1.1). This same system was also used
by the University of Mainz, which was in charge of determining the quasi-static and pressure-
based limits of ISO/TS 15066. The second system used to apply impact loads was a pendulum,
which is a proprietary development of the Fraunhofer IFF (see Section 3.1.2).

b \\\ I \\
150
— | ]
Z | 1
< N 4
o | .
< 100 | —
s b ]
® |
g ]
9] | -
o
50 R semi-sharp | blunt B
contact | contact ]
| =—threshold ]
| \\inadmissible range| |
0 1 1 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 1 1
0 2 4 6 8 10

contact area (cmz)

Figure 1. Relationship between pressure and force limits (IFA 2009)

2.2 Partners

The Fraunhofer IFF was in charge of organizing and conducting the studies and analyzed the
results obtained. Physicians from Otto von Guericke University Magdeburg’s (OvGU)

— Trauma Surgery Clinic,

— Dermatology Clinic,

— Department of Legal Medicine, and
— Neurology Clinic



assisted the Fraunhofer IFF with the studies. They advised the Fraunhofer IFF on all medical issues,
represented it at the ethics commission hearings (see Section 2.3.2), and attended the experi-
mental tests. The latter entailed two crucial tasks:

1) preparing a report estimating the potential risk of injury for the participating subjects en-
suing from the approach followed (see Section 4) to determine the pain threshold using
an algometer and a pendulum and

2) examining the subjects’ health to ensure that none had any preexisting conditions that
might put them at risk or potentially distort the results.

2.3 Work Plan

Table 1 presents the work plan of all the studies conducted by the Fraunhofer IFF from 2015 to
2019. It includes the set of body locations tested, the test parameters applied, and the values
recorded, all items required by the study. The following examines particular elements of the work
plan in more detail and provides an in-depth overview of the scope of all the studies.

Table 1. The work plan of all studies conducted from 2015 to 2019 (nnd. = except all body locations on the dominant hand)

Study no. 1 2 3
Subject group no.  #1 #2 #3 #4 #4 #5
Subject group size 40 20 20 20 20 10
Body locations (see Figure 2) (6) (6) (6) (1) (1) (1)
i @O i : i
29 «an an 3 63 3
i 5) G 06
(29) (29 (8)
(29)
nnd (10)
Load type
quasi-static (clamping) v v v
transient (impact) v v v
Contact body (see Figure 5)
F-Q10 (pressure limits) v v v v
F-Z30 (force limits) v v v v v
Impact mass (only for impact tests)
~6.5 kg v v v
~16.5 kg v v v
Repeats 5 1 1 3 1 3
Values measured
Contact force v v v v v v
Tissue deformation v v v v v v
Contact pressure ) ) (v) v

2.3.1 Body Locations

Figure 2 presents the body locations, assigning the same identification numbers as used in FBHM
080 and ISO/TS 15066. The names of the body locations on the hand include the suffix D and ND,
referring to the dominant (D) and non-dominant (ND) body location. Each body location was pin-
pointed precisely using a localizing procedure that relies on various anatomical landmarks (see



Appendix 7). This procedure ensured that the load was always precisely applied to the same body
location, especially in consecutive tests with subjects.

Prior to the first study, the physicians involved prepared a report in which they assessed the risk
to the body locations listed in ISO/TS 15066 ensuing from the load tests. The report specifies a
specific order for the testing of all of the body locations in Figure 2 (see Table 2). This order
facilitates the gathering of experience with pain-causing loads in tests on body locations (upper
and lower extremities) that withstand external loads. The test results indicated that the forces that
cause pain are significantly lower than those that can cause severe injuries. This finding made it
acceptable to proceed with tests on the rest of the human body in the final study.

Head and neck
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(2) Temple

(3) Masticatory muscle
(4) Neck muscle

(5) 7th Cervical vertebra

Trunk
(6) Shoulder joint

(7) 5th lumbar vertebra
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(9) Pectoral muscle
(10) Abdominal muscle
(11) Pelvic bone

Upper extremity
(12) Deltoid muscle
(13) Humerus
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(16) Arm nerve
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Figure 2. Body locations for which limit values were needed to refine FBHM 080 and ISO/TS 15066



One of the report’s distinctive features was its general exclusion of load tests on the neck muscle
since the risk of injury from such tests is unacceptably high. Nerve tracts that control vital bodily
functions run close to the neck muscles. External loads applied to the neck muscle may be trans-
ferred to these tracts and compromise their function. The subject may lose consciousness briefly
and suffer a serious fall as a result.

Table 2. Recommended order of testing to mitigate health risks for subjects

Clamping Impact
18t 2nd 18t 2" Comments

1) Forehead v v
2) Temple v v

Head and neck

3) Masticatory muscle v v
4) Neck muscle No tests at all
5) 7th Cervical vertebra v v
6) Shoulder joint

Trunk
7) 5th lumbar vertebra
8) Sternum

AN

9) Pectoral muscle
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Pelvic bone
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Arm nerve
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2.3.2 Ethical Approval and Insurance for the Subjects

Otto von Guericke University’s ethics committee was in charge of the assessment of the study
protocol, its modifications, and the physicians’ risk analysis. Ethical approval was granted for all
studies, as summarized in Table 3.

The German insurance company HDI insured the subjects against possible injuries resulting from
the tests during the studies. Not a single incident required any settlement by the insurer from
2015 to 2019.



Table 3. History of the ethical approval granted by Otto von Guericke University Magdeburg'’s ethics committee

Date Study no. Proposal type Reference Proposer

April 27, 2015 1 Full proposal 37/15  Fraunhofer IFF
Trauma Surgery Clinic
Department of Legal Medicine
Neurology Clinic (former Institute for Neuro Radiology)
Dermatology Clinic

August 7, 2017 2 Continuation 37/15  Fraunhofer IFF
note Trauma Surgery Clinic
February 4, 2019 3 Amendment 13/19  Fraunhofer IFF

Trauma Surgery Clinic




3 Method and Materials

3.1 Testing Systems

3.1.1 Algometer for testing quasi-static contacts

We used the algometer pictured in Figure 3 to determine quasi-static limits. This device is designed
specifically for this purpose. Our partner IFA supplied the algometer. It is the same as the system
used by the University of Mainz, which was in charge of determining quasi-static limits for clamp-
ing loads for ISO/TS 15066. The algometer’'s main component is a mechanism that pushes a rod
against a subject’s body. A single-axis load inside the pushing mechanism records the contact
force applied by the rod.

For reasons of safety, the rod is operated manually by a hand crank. The contact body was
mounted on the end of the rod. Linear guides and joints allows the test supervisor to position the
loading mechanics perpendicular to any body location specified in the work plan. Various posi-
tioning aids such as sockets, vacuum cushions, and straps help keep the body part under test from

slipping or shifting.
T my_

Z Frau“h"fe,,':

-
Figure 3. Algometer that produces clamping loads (quasi-static contacts)

Subjects hold a three-setting switch during a load test. They were instructed to push the switch
to its second setting throughout the test to maintain the force transmission between the hand
crank and the rod. Subjects were additionally instructed to push the switch to its third setting the
moment the clamping force caused slight pain at the loaded body location. The third setting stops
the transmission of force, at which point the rod immediately recoils.

3.1.2 Pendulum for testing transient contacts

The principle of the pendulum (see Figure 4) used to produce impacts resemble a four-bar linkage.
Two parallel bars that each measure 0.8 m in length connect the freely hanging pendulum body
to the frame, which is connected to a horizontal and a vertical linear guide. Two motors drive the
linear guides used to adjust the pendulum body’s height and position relative to the subject’s
body. The guides’ motion range in conjunction with platforms and chairs used in the tests enabled
us to reach every body location in Figure 2 on subjects ranging from 1.65 to 2.10 m in height.

The moving pendulum body converts its potential energy into kinetic energy upon reaching its
deepest point after having been released from a certain height. The moment the pendulum body
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strikes a subject, it transfers its kinetic energy to the body location, which transfers part of that
energy back to the pendulum body once the maximum force has been reached. A locking lever
with thirty equidistant notches, which is mounted on the support frame, deflects the pendulum
to a specific height. The thirty notches correspond to thirty different deflections and heights. One
of the parallel bars is connected to a rotary potentiometer that records the pendulum angle over
time. If necessary, a spring-loaded splint can be added to subdivide the distance between two
notches into five segments. The maximum attainable impact velocity is 1.25 m/s. The locking lever
and the spring-loaded splint are used to change the impact velocity in increments of approximately
0.01 m/s to approach the subject’s pain threshold gradually in a series of consecutive tests.

The pendulum body has an interface that accommodates the attachment of additional weights at
its COG (center of gravity) to increase the pendulum’s net weight from 1.9 kg to as much as 20
kg. Differently shaped impactors can be attached to a second interface on the face of the pendu-
lum body (see Section 3.1.3). This interface is part of the load cell that records the contact force
during a subject test over time.

Unlike the algometer, the pendulum does not have a switch that enables subjects to indicate the
onset of pain. Subjects were instructed to say “stop” whenever an impact caused a sensation of
slight pain in the body location being tested. As with the algometer, we used straps and vacuum

cushions to secure subjects’ body parts in a rigid socket.

Figure 4. Pendulum that produces impact loads (transient contact)

3.1.3 Contact bodies

We used two different contact bodies, semi-sharp and blunt, to determine pain thresholds (see
Figure 5). The semi-sharp contact body F-Q10 is made of aluminum, has a rectangular cross-
section and a rounded edge with a 2 mm radius. A piezoelectric pressure foil (see Section Figure
5) was attached to the contact body’s face (the gray mesh in Figure 5) to measure the pressure
distribution on the surface on F-Q10. The blunt contact body F-Z30 has a much larger contact
area than F-Q10 and is made of a compliant foam that distributes the contact force uniformly
over the contact area to prevent any incidence of regions with distinct peak pressures.
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Figure 5. Contact bodies used

3.1.4 Additional provisions

Subjects wore sleep masks and headphones playing nature sounds during the tests. We took both
actions to isolate subjects from their surroundings and to preserve the element of surprise. The
latter has particularly proven necessary since it also prevents subjects from instinctively tensing
their muscles right before being subjected to a clamping or impact load.

3.2 Instrumentation and Equipment

Different sensors are integrated in the algometer and the pendulum. The sensors we used in both
systems, the signals they recorded, and the preprocessing methods are examined below.

3.2.1 Algometer

Table 4 presents the sensors we installed on the algometer. We used a piezoelectric load cell to
record the contact force F.(t) € R acting along the rod that pushes the attached contact body
against the subject’s body. The load cell was connected to an amplifier that converted the charge
transfer from the load cell into voltage. An inductive encoder placed inside the push mechanism
recorded the contact body’s displacement x.(t) € R. A high-precision resistor converted the sen-
sor's output current signal into voltage. The converted signals from the load cell and the position
sensor were fed into a Meilhaus ME-4660i PCIE A/D converter, which sampled the signal with a
resolution of 16 bit and a frequency fs of 100 Hz.

We used a TekScan |-Scan system to measure pressure in the tests with the semi-sharp contact
body F-Q10. Since the system can only be used with TekScan software, we were unable to inte-
grate it in our measurement chain to record all signals synchronously at the same sampling rate.
What is more, the TekScan system samples pressure with a significantly lower resolution of 8 bits.
Since the TekScan system has a trigger signal that indicates when measurements are being taken,
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we fed this signal into the A/D converter and used it to synchronize the pressure signal with the
other signals.

The pain switch state (see Section 3.1.1) was remapped to a binary switch signal. The switch is
“on” as soon as the subject moves it to the second setting. The other settings are concomitant
with “off"”.

Table 4. Sensors integrated in the algometer

Sensor Signal Sampling (Hz) Range Type

Load cell (1D) Fy(t) eR 200 +500 N Kistler, 9311B
Encoder z,(t) ER 200 150 mm Micro-Epsilon, VIP150
Pressure foil [Wlc(t) € RM*N 200 1.2 kN/cm?2 TekScan, 5120

Pain switch P(t) eR 200 0V Industrial panic switch

3.2.2 Pendulum

Table 5 presents the sensors we installed on the pendulum. We used a piezoelectric load cell to
record the contact force f,,(t) acting on the contact body in all three spatial directions. The load
cell was connected to an amplifier that converted the charge transfer from the load cell into a
voltage transmitted to the A/D converter. The position sensor was attached to one of the rear bars
and recorded the pendulum angle @p(t). It was a high-precision potentiometer with a slider that
rotated over a circular resistor. The voltage over the slider u,(t) and the supply voltage U, over
the resistor were both fed directly into the AD converter. We used the same A/D converter used
for the algometer but with a sampling frequency fs of 10kHz.

Table 5. Sensors integrated into the pendulum

Sensor Signal Sampling (Hz) Range Type

Load cell (3D) f, (t) € R3*1 10 +1 kN Kistler, 9327C
Potentiometer ep(t) ER 10 +45° Novotechnik, P4500
Pressure foil [Wlc(t) € RMXN 2,04 1.2 kN/cm? TekScan, 5120

We also used the TekScan I-Scan system to measure pressure and its trigger output to synchronize
the pressure signal’s time axis with the signals’ time axes. Since the TekScan system’s maximum
sampling rate is 2.04 kHz, the increments of the pressure signal’s time axis differ from the other
signals’ common time axis.
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4 Test Procedure

4.1.1 Acquisition of subjects

Once the study design had been finalized and ethical approval had been received, we began to
seek volunteers interested in participating in our studies. We used different types of media such
as advertisements in local newspapers and on bulletin boards to reach out to the public. This
phase was followed by an informational meeting to which we invited all interested individuals
who responded to our advertisement. At the meeting, a research scientist from the Fraunhofer
IFF and a physician from Otto von Guericke University explained all the details of the study to the
attendees. Then they passed out an information sheet summarizing the content of the meeting
to all interested attendees. Candidates were given the opportunity to sign up as potential subjects
for the study within one week after the meeting.

4.1.2 Selection of subjects

The first step in the selection procedure was to reject all the individuals beyond the employable
age in Germany. Then the male and female candidates were divided into two separate groups.
We did this to ensure that the selected group of subjects had an equal share of males and females.
Afterward, the necessary number of subjects were randomly selected from each of the two
groups.

4.1.3 Clinical assessment of the subjects’ health

The candidates selected had to have their health assessed before they could finally participate in
the study. The physicians only accepted subjects without any preexisting conditions that might
cause complications or potentially compromise or bias the results. Apart from conducting clinical
assessments, the physicians also determined each subject’s dominant body location and ensured
that we assigned each of them the right gender. None of the subjects assessed were transgender
or non-binary.

4.1.4 Preparation of each session

Before their first session, subjects had to sign a consent form, agreeing to participate in the study
and accepting the test conditions. Subjects could decline to sign the consent form without having
to provide any reason. Once a subject had signed the consent form, the test supervisor started
preparing the load tests. First, the test supervisor inquired after the subject’s well-being. In the
event that the subject was not feeling well, the test supervisor rescheduled the session for another
day. Otherwise, the test supervisor marked the body locations specified by the work-plan for that
particular session with a skin-safe marker.

4.1.5 Load test

A single load test denotes the point in a session when we applied clamping or impact loads to the
subjects’ body parts specified by the work plan for that particular session. The test procedure
depends on the load type and the testing system used. The first steps for both systems were
nevertheless identical.

Before starting the test, the test supervisor has to secure the body part of the point where the
load must be applied. This is done with a variety of means that keep body parts from shifting or
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slipping when the load is applied (see Figure 6). We secured body parts in a way that ensured that
subjects could stand upright neutrally and relaxed without tensing their muscles unduly. Only a
few body locations, e.g. on the head or chest, required subjects to sit or lean forward.

(14) Radial bone (23) Palm ND
Figure 6. Securing of body parts

Procedure with the algometer

Before preparing the subject for the session, the test supervisor configured the algometer follow-
ing the session’s work plan. As indicated by the work plan for all studies (see Table 1), the algom-
eter’s configuration was solely dependent on the contact body. After placing the subject in the
algometer and securing their body parts, the test supervisor aimed the contact body attached to
the rod precisely at the marked body location so that the clamping force acted perpendicularly to
the skin on the body location. Then a sleep mask and headphones playing nature sounds were
put on the subject.

Once the subject moved the pain switch to the second setting, the test supervisor began to turn
the crank, at which point the rod moved the contact body toward the subject’s body. The subject
moved the switch to the third setting the moment the continuously increasing clamping force
caused the onset of pain and the rod recoiled immediately. Every single test on a single body
location was repeated several times (see work plan in Table 1). The final repetition concluded the
testing of a particular body location.

Procedure with the pendulum

Before preparing the subject for the session, the test supervisor configured the impact following
the session’s work plan. As indicated by the work plan for all studies (see Table 1), the pendulum'’s
configuration ensued from the specific combination of mass and contact body. Once the subject
had been secured, the test supervisor aimed the free-hanging pendulum body at the marked
location on the body part so that the contact body would hit it approximately perpendicularly to
the body surface. Then a sleep mask and headphones playing nature sounds were put on the
subject.

Afterward, the test supervisor deflected the pendulum body to the starting height and hooked it
into the locking lever. Next, the test supervisor started the instruments and released the pendulum
by pulling the locking lever up, at which point the pendulum began to move and subsequently hit
the subject. Once the pendulum recoiled, the test supervisor caught it at its rear bars and hooked
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it at the subsequent height with the locking lever. The instrument controller automatically stopped
the signal recording two seconds after the pendulum lost contact with the subject. Then it stored
the data in a database.

The test supervisor repeated the procedure with increasing impact velocity until the subject indi-
cated that the most recent of the consecutive impacts caused a slight sensation of pain at the
targeted body location. As the impact velocity increased, the test supervisor also increased the
energy of the impact. Findings from other research studies do not furnish any clear evidence that
sequentially applied brief impacts do not influence the pain threshold significantly.

To finish the test in a minimum of time, we decided to use the highest pendulum mass (~16.2 kg)
to perform the first test and to reduce it to the lower mass (~5.8 kg) in the next session scheduled
at least three days later. This enabled us to continue with the impact velocity that produced a
sensation of pain in the preceding session safely in the next session since the lower mass reduced
the impact energy and thus the contact forces significantly.

4.1.6 Follow-up actions

The test supervisor recorded the testing system configuration in the subject’s file after every single
test. Afterward, the test supervisor released the subject’s body part and asked after their well-
being to ensure that they were up to testing the next body part. A brief visual examination of the
body part tested ensured that there were no visible changes that might indicate a slight injury
(e.g. swelling or even slight hemorrhaging).

4.2 Measurement Data Processing

4.2.1 Noise suppression and offset compensation

The recorded signal consisted of various noise components, which had to be suppressed to inter-
pret the data properly. The noise components in the voltage signal entering the A/D converter
appeared as a high-frequency noise that was reduced with a low-pass filter. We used a phase-
zero and fourth-order Butterworth low-pass filter compliant with SAE J211-1. The automotive
sector uses such filters for crash tests. The SAE standard specifies so-called CFC (channel frequency
class) filter classes, the identification numbers of which correspond to the filters’ cut-off frequen-
cies and structures. An analysis of the signals recorded by the algometer and pendulum instru-
ments revealed that the CFC classes presented in Table 6 suppressed noise sufficiently.

Table 6. Used CFC filter classes for high-frequency noise suppression

System Signal CFC class

Algometer Contact force 1
Position 1
Pressure 1

Pendulum Contact force 100
Position (angle) 20
Pressure 100
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In addition to suppressing noise, we also compensated the offset in the force signal to correct its
zero-point. The charge amplifier added this constant voltage bias so that zero force at the contact
body did not correspond to zero voltage. After compensation, the force right before initial contact
was precisely zero.

4.2.2 Pressure signal post-processing

We used TekScan's |-Scan system to record the distribution of the force on the face of the contact
body F-Q10. A distinctive characteristic of the system’s sensors is that image noise interferes with
the pressure signals converted and stored as images over time. TekScan recommends applying a
Gaussian blur filter to reduce such noise. The gray mesh on F-Q10 in Figure 5 illustrates another
issue: Since the TekScan pressure foil 5120 used did not cover the entire face of F-Q10, we decided
to apply an interpolation method to fill the blind spots with estimated pressure values. Another
problem we encountered was the synchronization of the TekScan system’s data with the other
instruments’ signals since the TekScan system uses a separate AD converter.

Image noise suppression

TekScan supplies a built-in Gaussian filter to suppress image noise but only for images recorded
by a flat sensor foil. Since we needed to bend the sensor foil at the edges to cover F-Q10, we had
to develop our own spatial Gaussian filter. We decided to use a Gaussian filter with a constant
variance of g2 = \/m and the following position-dependent pulse response

1 x% +y?
h(x,y) =5— exp{ 252 }

Each pixel in a pressure image corresponds to the position of a tiny sensor cell (sensel) covering a
finite area on the surface of F-Q10. Bending the foils only necessitates extracting those values
from every single pressure image visible in the analyzed projection of the bent sensor (overhead
view or one of the four lateral views), which correspond with the sensels. Extraction only has to
factor in the force component the sensel can record in the analyzed projection. The normal vectors
of the finite areas covered by the sensels yield the correct component. Extraction must also factor
in each sensel’s position in the analyzed projection plane (see Figure 7).

T Es—ss—ss—ss—ss—ss=

R EE BR BR ER S
R R Rl
B DD EEmE

Figure 7. Position of the sensor cells within one of five projections (here: one of four side views)

Once the segment of the analyzed pressure image belonging to the projection has been extracted,
we can calculate a filter kernel H;; for each pixel in the projection. The filter kernel contains dis-
crete values of the Gaussian function h(x,y)
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h(Axi—1,Ayj-1) h(Ax;_1,0)  h(Ax;_1,AYj11)
Hy=| h(04y1)  h(O0)  h(0,8y,) |
h(Axi+1; Ay]'—1) h(Ax;44,0) h(AxH’l’ ij+1)

where Ax and Ay are the geometric distances from pixel p;; to its adjacent neighbors. Then matrix
H;; must be multiplied element-wise into the image matrix formed by p;; and its neighbors. Af-
terward, the sum of the multiplied pixels yields the filtered pixel f;;

1 1
pij = Z Z R(AX 41, AYjrm )P(i4m)(j+m)

m=—1 n=-1

We applied this filtering procedure to all images for each pressure measurement over time. Figure
8 presents an example of filtering results.

Figure 8. Pressure image before (left) and after image denoising by a spatial Gaussian blur filter (right)

Estimation of pressure values in the contact area’s blind spots

We used an interpolation method to estimate the pressure values unavailable for the spots not
covered by the pressure foil on F-Q10. Figure 9 visualizes our method’ main principle. First, all
values lying on the same contour as the contact body are extracted from the pressure image.
Plotting these values as a function of their position on the contour yields a broken curve with
apparent gaps (see the diagram in Figure 9). Our method closed these gaps with linear interpola-
tion. Repeating the procedure for all contours and open gaps ultimately produces a contact area
entirely covered with estimated pressure values.

Pressure signal synchronization with other signals

In some tests, the TekScan system’s constraints required us to sample the pressure signal at a
significantly lower rate than the other signals. The pressure values were therefore not synchronous
with those of the force over time, thus making it very difficult to use the force values for post-test
calibration of the pressure values because the pressure integrated over the contact area must
correspond to the contact force.

The TekScan system has a trigger output that indicates when the system is recording, though. We
fed this signal into the AD converter and used it later to synchronize the time axis of the pressure
with the time axis of the other signals, including force. Then we used an interpolation algorithm
to increase the resolution of the pressure signal artificially to the resolution of the other signals.
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Figure 9. Interpolation applied to estimate the pressure values in the blind spot of probe F-Q10

4.2.3 Post-processing of the signals recorded at the pendulum

The dynamics and kinematics of the pendulum required a special conversion of the recorded sig-
nals to process and analyze them further. The additional post-processing steps we applied to the
data acquired with the pendulum are explained briefly below.

Compensation of inertial effects

Since the entire pendulum mass (body mass mg including contact body mass m;) acts on the
contact point, while only the pendulum body mass mg acts on the sensor, the load cell’s position
between the pendulum body and the contact body reduced the force transmitted to the load cell
so that the measured force f,,(t) € R3*! did not correspond to the actual contact force f.(t) €
R3*1 (Nahum et al. 1972; Stalnaker und Melvin 1976). This effect can be compensated by scaling
the measured force fy, up to the desired contact force f. with

fe = Vify
The required factor is
my
Vf = 1 + —
mp

where m; is the mass of the contact body and mg the mass of the pendulum body.
Determination of impact velocity

Impact velocity X, is produced by the pendulum radius r, and the pendulum’s angular velocity
wpo at time t, representing the moment of initial contact

. : T
Xco = Tpwpo[COS @po  singpy O]
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The angular velocity wpg is the slope of the tangent of the position signal ¢p(t) at time t, with
@po = @p(ty) and ultimately yields the desired pendulum velocity. The magnitude of the impact
velocity vp, Is

Vpo = |[Xkoll
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5 Results

5.1 Subjects

The number of subjects varied from study to study. Table 7 presents the different groups arranged
by gender. The larger number of males in groups #1, #2, and #3 goes back to our wish to have
at least 30% of the subjects be blue-collar workers paired with our inability to recruit enough
female blue-collar workers to keep the gender distribution equal. The data analyzed did not reveal
any significant difference between the pain thresholds of subjects working in industry and those
who do not, though. This finding prompted us to discard our requirement for the makeup of the
groups of subjects, thus distributing males and females equally in groups #4 and #5.

Table 7. Body parameters of the subjects that participated in our studies

Group  Gender  Number Age (y) Height (m)  Weight (kg) BMI (kg/m?)

#1 Female 13 41.3+14.5 1.67+0.08 65.2+9.0 23.2+2.2
Male 28 40.2+14.0 1.81+£0.07  86.3+14.7 26.5+4.7

Mixed 41 40.6+14.0 1.77+£0.10  79.6+16.4 25.4+4.3

#2 Female 6 43.8+14.5 1.72+£0.08  67.5£11.7 22.8+2.9
Male 14 41.0+£15.0 1.79+0.07  83.2+13.8 25.9+4.9

Mixed 20 41.9+14.5 1.77+£0.08  78.5£14.9 25.0+4.6

#3 Female 10 39.7+13.6 1.69+0.07  80.3+23.6 28.0£7.4
Male 10 40.7+£14.5 1.79+0.04 80.7£7.0 25.3+2.3

Mixed 20 40.2+13.7 1.74+0.08  80.5+£17.0 26.7+5.5

#2 +#3 Female 16 41.3+13.6 1.70+0.07 75.5+20.5 26.0+6.5
Male 24 40.9+14.5 1.79+£0.06  82.2+11.3 25.7+4.0

Mixed 20 41.0+£13.9 1.76+0.08  79.5+£15.8 25.8+5.1

#4 Female 10 38.7+13.8 1.66+0.06 63.3+8.7 22.9+2.8
Male 10 39.2+14.8 1.81+£0.07  84.3+18.5 25.6+4.6

Mixed 20 39.0+14.0 1.74+0.10  73.8+£17.7 24.3+4.0

#5 Female 5 36.6+14.5 1.67+0.06 58.0+£2.7 20.8+0.9
Male 6 36.0+13.8 1.80+0.04 78.3+4.8 24.2+1.2

Mixed 11 36.3+13.4 1.74+0.08  69.1+£11.3 22.7+£2.0

Table 8 breaks down the test data from the groups of subjects, which we used to ascertain pain
thresholds for both load and contact types. The plan shows that we only performed impact tests
on locations on the dominant side. This was prompted by our finding that the pain thresholds of
the dominant hand are significantly higher than those of the non-dominant hand and the failure
of standard risk assessment to distinguish between dominant and non-dominant sides.
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Table 8. Assignment of the subject groups to the tested body locations

Quasi-static Transient
Body part Body location Semi-sharp* Blunt Semi-sharp Blunt
Head and neck (1) Forehead #5 #4 #4 #4
(2) Temple #5 #4 #4 #4
(3) Masticatory muscle #5 #4 #4 #4
(4) Neck muscle - - - -
(5) 7th cervical vertebra #5 #4 #4 #4
Trunk (6) Shoulder joint #5 #1 #2 +#3 #2 +#3
(7) 5th lumbar vertebra #5 #1 #2 + #3 #2 + #3
(8) Sternum #5 #1 #4 #4
(9) Pectoral muscle #5 #1 #4 #4
(10) Abdominal muscle #5 #1 #4 #4
(11) Pelvic bone #5 #1 #2 + #3 #2 + #3
Upper extremities (12) Deltoid muscle #5 #1 #2 + #3 #2 + #3
(13) Humerus #5 #1 #2 + #3 #2 + #3
(14) Radial bone #5 #1 #2 + #3 #2 + #3
(15) Forearm muscle #5 #1 #2 + #3 #2 + #3
(16) Arm nerve #5 #1 #2 + #3 #2 + #3
Hand and fingers (17) Forefinger pad D #5 #1 #2 #2
(18) Forefinger pad ND #5 #1 #2 + #3 #2 + #3
(19) Forefinger end joint D #5 #1 #2 #2
(20) Forefinger end joint ND #5 #1 #2 + #3 #2 + #3
(21) Thenar eminence #5 #1 #2 + #3 #2 + #3
(22) Palm D #5 #1 #2 #2
(23) Palm ND #5 #1 #2 + #3 #2 + #3
(24) Back of the hand D #5 #1 #2 #2
(25) Back of the hand ND #5 #1 #2 + #3 #2 + #3
Lower extremities (26) Thigh muscle #5 #1 #2 + #3 #2 +#3
(27) Kneecap #5 #1 #2 + #3 #2 + #3
(28) Middle of shin #5 #1 #2 + #3 #2 + #3
(29) Calf muscle #5 #1 #2 + #3 #2 + #3

*) control group

5.2 Usable data

We obtained approximately 29,000 individual results from the tests in all the studies. Results are
unavailable for some subjects for a variety of reasons. Table 9 presents reasons for missing data,
most of which are the physicians’ clinical assessments.
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Table 9. Missing data

Subject Body location Contact body Impact mass  Reason
1002 (13) Humerus F-Z30 16.2 kg; 5.8 kg Recording error
(15) Forearm muscle
1009 (6) Shoulder joint F-Q10 16.2 kg; 5.8 kg No medical clearance
(12) Deltoid Muscle
(13) Humerus
1012 all all 5.8 kg Subject left study
1014 (25) Back of the hand ND F-Q10; F-Z30 5.8 kg; 16.2 kg No medical clearance
1019 (27) Kneecap all all No medical clearance
2004 (7) 5th lumbar vertebra all all No medical clearance
4002 (7) 5th lumbar vertebra F-Q10 - No medical clearance
4003 (7) 5th lumbar vertebra F-Q10 - No medical clearance

5.3 Output Variables

Output variables reference the effect of a load on the human body with usable mechanical limits.
Following FBHM 080 and ISO/TS 15066, we used the output variables of maximum contact force
and maximum peak pressure (maximum normal stress) to define the desired pain thresholds.

Maximum contact force

Maximum contact force E is the strongest force acting on the body location when an external
impact or clamping load is applied

F'szg;\xFC(t) 0<t<rt,

where 7. is the period of contact
e = {At | Fe(to < t < (to + At)) >0} .

In the event the contact force is a vector over time, the Euclidian vector norm yields the magnitude
Fe(t)

Fe(@®) = lIfc @Il
Maximum pressure

Maximum pressure . is the strongest pressure in the contact area produced by the load on the
surface of the contact body dx

P =rrt1ax1/)c(t,x) 0<t<rt, X € OX
;X

Maximum deformation
Maximum deformation £, is the greatest deformation of soft tissue at the loaded body location

Xp =mgj\xx,(t) 0<st<rt,
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where x;(t) is the position of the contact body, which is zero at the moment of initial contact
with the subject x;(0) = 0.

5.4 Statistics

5.4.1 Data censoring

The distinctive impact test data require conversion before they can be analyzed them with stand-
ard statistical methods. As mentioned in Section 4.1.5, we approached the subjects’ pain thresh-
old by gradually increasing the impact energy. This procedure renders the real threshold z un-
known. Since the only information we have is that z lies within the interval spanning the values
from the last two tests, we need to find a way to convert the interval to estimate all subjects’
individual pain thresholds in order to identify a threshold for the entire population.

We used midpoint-imputation, which estimates z based on the mean of its intervals (Sun 2006).
The left boundary L always has the value of the output variable measured in the next-to-last test,
which does not cause any pain, while the right boundary R has the value from the final test, which
causes pain. In the unlikely but possible event that the very first test causes pain, the observation
is left-censored, meaning the left boundary is L = 0, and the right boundary is the value of the
output variable measured. A second exception arises when even the highest potential impact
velocity does not cause the subject any pain. Then the observation is right-censored R — . The
combination of all cases yields the following expression to estimate z
( 1

ER L=0
zZ= L R >

1
5 (L+R) else

Figure 10 presents the censored data from randomly selected samples from tests on body location
(27). It shows how the maximum pressure increases as the series of tests progresses. The results
from all final two measurements comprise the estimated individual pain threshold, which we will
include in the calculation of the threshold for the entire population.
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Figure 10. Samples of interval-censored data from impact tests

5.4.2 Descriptive statistics

Descriptive statistics supplies various tabulated measures of tendency and variability to compile an
overview of the data. Box plots complement the tables and qualitatively outline the distribution
of the empirical data. Table 10 lists the tables and box plots in this report.

Table 10. List of all tables and box plots of tested contact cases

Load type Contact type Contact body Output value Descriptive statistics Box plot

Quasi-static Semi-sharp F-Q10 Max. pressure Table 11, page 25  Figure 11, page 26
Semi-sharp F-Q10 Max. force Table 12, page 27 Figure 12, page 28
Semi-sharp F-Q10 Max. deformation  Table 13, page 29  Figure 13, page 30
Blunt F-Z30 Max. force Table 14, page 31 Figure 14, page 32

Transient Semi-sharp F-Q10 Max. pressure Table 15, page 33 Figure 15, page 34
Semi-sharp F-Q10 Max. force Table 16, page 35  Figure 16, page 36
Semi-sharp F-Q10 Max. deformation Table 17, page 37  Figure 17, page 38
Blunt F-Z30 Max. force Table 18, page 39  Figure 18, page 40
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Table 11. Descriptive statistics of quasi-static and semi-sharp contact (quasi-static pressure limits; control group)

Load type quasi-static (clamping)
Contact type semi-sharp (pressure-based limits)
Maximum pressure [N/cm?]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 75.1 52.6 7.4 63.6 213.9 109.7 35
(2) Temple 43.7 27.7 10.9 384 1422 575 32
(3) Masticatory muscle 314 19.9 8.0 26.2 86.3 31.6 32
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 57.4 34.7 1.1 51.3 130.7 73.2 32

Trunk (6) Shoulder joint 56.9 51.3 11.8 37.6 2579 57.2 36
(7) 5th lumbar vertebra 53.1 46.3 5.6 31.7 166.9 65.8 30
(8) Sternum 441 28.9 8.6 322 1221 65.4 36
(9) Pectoral muscle 43.8 20.2 21.5 35.7 81.4 60.5 18
(10) Abdominal muscle 33.6 26.5 6.4 25.1 130.9 404 38
(11) Pelvic bone 129.7 135.0 16.5 58,5 6185 240.2 35

Upper extremities (12) Deltoid muscle 65.9 51.4 14.4 474 200.3 86.3 39
(13) Humerus 46.3 344 9.2 31.5 128.7 55.2 38
(14) Radial bone 63.4 53.6 5.2 488 233.0 76.9 36
(15) Forearm muscle 59.7 76.6 9.2 354 407.3 59.6 39
(16) Arm nerve 497 38.1 9.7 34.8 135.5 70.1 36

Hand and fingers (17) Forefinger pad D 676 41.0 114 605 157.7 96.3 36
(18) Forefinger pad ND 61.6 415 9.6 53.4 154.7 755 39
(19) Forefinger end joint D 109.1 70.1 23.3 100.2 330.8 141.3 36
(20) Forefinger end joint ND  118.7  70.7 17.0 107.4 307.5 145.0 31
(21) Thenar eminence 46.9 25.7 13.5 448 1158 59.3 36
(22) Palm D 59.2 31.0 10.7 54.8 160.5 74.2 36
(23) Palm ND 55.5 37.3 18.8 46.4 2035 67.1 38
(24) Back of the hand D 151.1 109.7 487 123.4 5379 169.3 36
(25) Back of the hand ND 146.9 955 44.0 1349 4842 1753 38

Lower extremities (26) Thigh muscle 63.6 441 12.6 50.3 188.0 78.1 39
(27) Kneecap 102.7 775 10.9 77.1 276.2 1315 36
(28) Middle of shin 121.7 92.6 13.3 91.5 353.1 209.9 37
(29) Calf muscle 61.7 44.8 9.1 496 2014 793 39

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 11. Empirical distribution of the data from quasi-static and semi-sharp contact (quasi-static pressure limits; control group)

Load type
Contact type

quasi-static (clamping)
semi-sharp (pressure-based limits)

2
B
a
o
a 150
1S
S
€
=<
©
IS

350
T +
NE 300 Mean value
2

100 | 35 l
+
> o 32% EE' k 36% 30 36 18@ 38%
32
0
M Q) ) 0 S .« \O A @) ©) 40)
\;o(e“ead <ern® N usd AY® \e\\,e<xe\3‘a“\de( \0\“‘( \,eﬁe‘o‘a et® m(a\ s \ 0sOe \
. .2XO e ) (o) ) o) na
wast\ca \\\1‘\\ e o W o 2™ | 4o ot
350 ¢ ]
R E ]
€ 300 I 3
Z. 250 E— —E
Q - 35 ]
2 200 =
2 c 7
() - .
g 150 | =
= S 36 31 :
g 100 26 . =
= - e |- 36 39 3
g 50 = ; ! 38 39 36 E
of 3
N 2 3) ) 5) <) N 2) 9) o)
. \X SC\e I\ erus e po e\ “Sc\e ¢ orve o 39 \ \& RN O s ok WO &
° SWN\C \to\d o \,\\N‘ 6\3\ a(m((\ e o %e 9 %e‘ pa e y a0 0\
) of€ (eﬁ\ &\“%e( %e( et
Y_O(e ?o e&\(\
350 7]
£ 300 f— —f
Z. 250 E— —E
(O] C .
2 200 37 =
2 c 7
(] - ]
8 150 36 38 =
= . 36 + E
g 100 = l I E
=< C 39 1
E 50 36% % 38% 39 . . =
0 C ]
Y
. (\e“c’e \’L’:\a\m © \’L’Lz WO \7’?3“ ol :\d O \15(3\ e \16\365 © \’ﬂ:ﬁ AN\ \1%\ s\ \19\
oW pa® ne 3 N w d\e AL
c\l otV v ot e e Whe C
"\'\e“ 630\4
gact

26




Table 12. Descriptive statistics of quasi-static and semi-sharp contact (maximum contact force; control group)

Load type quasi-static (clamping)
Contact type semi-sharp
Maximum contact force [N]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 46.8  40.8 2 31.7 166.1 744 35
(2) Temple 29.3 23.2 5.3 216 1141 39.3 32
(3) Masticatory muscle 21.2 15.3 5.1 14.2 63.5 284 32
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 28.5 23.5 0.5 23.2 84.5 40 31

Trunk (6) Shoulder joint 37.8 27.8 7.6 27.9 115.1 51.1 36
(7) 5th lumbar vertebra 47.8 446 2.4 30.6 156.1 45.9 30
(8) Sternum 40.9 40.3 3.4 21.4 155 65.2 36
(9) Pectoral muscle 36.5 19.4 13 28.7 77.4 53.6 18
(10) Abdominal muscle 28.4 25.6 4.3 185 104.7 339 38
(11) Pelvic bone 53.1 55.1 6.4 326 268.4 80 35

Upper extremities (12) Deltoid muscle 491 437 8.8 31 1782 57.3 39
(13) Humerus 37.5 26.2 3.2 30.5 99.6 51 38
(14) Radial bone 51.1 48.6 2.4 345 2124 67.7 36
(15) Forearm muscle 51.7 47.4 6.2 35.1 189.4 64 39
(16) Arm nerve 38.8 38.6 4.4 204 1442 596 36

Hand and fingers (17) Forefinger pad D 68.2 51.9 6.5 57.4 1957 89.9 36
(18) Forefinger pad ND 56.3 459 6.3 47.2 190.1 73.6 39
(19) Forefinger end joint D 46 35.6 9.2 426 1515 578 36
(20) Forefinger end joint ND  49.8 36.5 7.2 425 1495 595 31
(21) Thenar eminence 457 354 55 423  130.7 66 36
(22) Palm D 54.9 36.5 5.1 491 145.7 70.1 36
(23) Palm ND 54.3 43.7 9.2 433 2006 73.6 38
(24) Back of the hand D 43.6 26.5 4.4 426 1328 58.2 36
(25) Back of the hand ND 445 32.2 13.1 358 1876 564 38

Lower extremities (26) Thigh muscle 66.2 491 7.4 525 2249 814 39
(27) Kneecap 81.9 62.7 6.7 62.4 226.6 110 36
(28) Middle of shin 499 30.2 0.4 448 1123 71.6 37
(29) Calf muscle 57.2 37.4 6.4 50.5 1554 76 39

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 12. Empirical distribution of the data from quasi-static and semi-sharp contact (maximum contact force; control group)
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Table 13. Descriptive statistics of quasi-static and semi-sharp contact (maximum deformation; control group)

Load type quasi-static (clamping)
Contact type semi-sharp
Maximum deformation [mm]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 2.0 1.5 <0.1 1.7 7.1 2.4 32
(2) Temple 3.1 1.8 0.6 2.7 8.0 3.9 29
(3) Masticatory muscle 6.7 4.4 2.0 4.9 20.0 8.2 32
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 7.4 5.4 0.3 6.4 24.5 9.1 29

Trunk (6) Shoulder joint 17.2 10.7 5.0 141 50.3 214 36
(7) 5th lumbar vertebra 15.4 7.6 0.7 14.8 30.2 17.9 30
(8) Sternum 9.2 8.0 0.9 7.0 32.6 12.5 36
(9) Pectoral muscle 28.0 14.0 12.1 21.8 56.9 341 18
(10) Abdominal muscle 47.8 23.8 11.4 46.1 98.4 61.2 38
(11) Pelvic bone 1.4 5.7 1.0 11.0 27.2 14.2 35

Upper extremities (12) Deltoid muscle 33.1 16.0 13.6 29.2 62.7 41.3 39
(13) Humerus 15.5 4.8 5.0 14.3 25.1 19.7 38
(14) Radial bone 8.0 3.7 0.5 7.7 17.0 10.3 36
(15) Forearm muscle 14.0 6.0 4.2 15.2 31.2 17.3 39
(16) Arm nerve 14.5 6.8 4.5 12.9 29.9 18.4 36

Hand and fingers (17) Forefinger pad D 6.8 3.0 2.3 6.2 15.2 7.9 36
(18) Forefinger pad ND 6.4 3.1 1.8 6.1 14.5 8.2 39
(19) Forefinger end joint D 4.0 2.0 1.1 3.7 10.0 49 36
(20) Forefinger end joint ND 4.2 2.4 0.8 3.8 1.1 5.1 31
(21) Thenar eminence 12.9 5.0 4.2 14.4 20.6 16.1 36
(22) Palm D 11.3 3.7 2.9 11.8 17.3 13.8 36
(23) Palm ND 10.9 4.1 4.3 10.0 20.7 12.8 38
(24) Back of the hand D 4.0 1.4 1.6 3.8 7.2 5.1 36
(25) Back of the hand ND 4.3 2.1 1.8 3.7 1.4 5.8 38

Lower extremities (26) Thigh muscle 35.5 13.3 10.8 38.9 56.3 46.6 39
(27) Kneecap 6.7 29 1.6 6.3 12.6 8.3 36
(28) Middle of shin 7.6 4.5 0.5 7.3 20.5 9.5 37
(29) Calf muscle 32.0 9.2 9.3 33.7 48.5 37.9 39

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 13. Empirical distribution of the data from quasi-static and semi-sharp contact (maximum deformation; control group)
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Table 14. Descriptive statistics of quasi-static and blunt contact (quasi-static force limits)

Load type quasi-static (clamping)
Contact type blunt (force-based limits)
Maximum force [N]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 77.2 589 2.8 76.1 2941 103.2 58
(2) Temple 49.7 45.1 4.2 355 2195 70.0 56
(3) Masticatory muscle 30.6 23.2 3.9 22.1 86.4 51.1 54
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 38.5 32.1 0.6 33.3  146.1 52.5 56

Trunk (6) Shoulder joint 56.7 25.3 16.3 51.7 167.5 68.5 200
(7) 5th lumbar vertebra 89.5 63.5 18.7 745 3225 972 199
(8) Sternum 64.9 34.3 9.9 59.0 158.3 90.0 200
(9) Pectoral muscle 50.0 21.9 9.5 447 1104 63.9 134
(10) Abdominal muscle 43.2 28.1 5.2 355 157.0 62.8 194
(11) Pelvic bone 77.4 46.2 17.6 68.2 2734 98.0 197

Upper extremities (12) Deltoid muscle 84.9 61.5 11.9 61.0 3446 102.7 197
(13) Humerus 59.1 30.6 12.3 55.1 189.6 70.8 202
(14) Radial bone 81.4 42.4 21.0 704 256.8 108.3 201
(15) Forearm muscle 82.6 46.1 19.9 75,5 3254 104.3 196
(16) Arm nerve 63.3 30.6 7.2 56.8 165.8 85.9 200

Hand and fingers (17) Forefinger pad D 137.3 974 205 1149 590.3 169.1 189
(18) Forefinger pad ND 123.2 86.6 9.8 100.3 4283 159.0 199
(19) Forefinger end joint D 129.2 70.3 15.7 113.2 3464 156.6 192
(20) Forefinger end joint ND  124.4  78.0 7.5 97.0 410.1 1654 199
(21) Thenar eminence 1004 62.7 22.0 875 3784 1259 197
(22) Palm D 138.3 89.7 4.2 119.9 511.7 191.8 192
(23) Palm ND 121.1 83.3 6.4 100.2 524.8 1646 200
(24) Back of the hand D 119.9 547 31.6 115.8 287.3 147.9 190
(25) Back of the hand ND 113.1 52.4 20.8 106.7 263.1 1433 196

Lower extremities (26) Thigh muscle 119.9 63.5 326 1064 3056 162.1 193
(27) Kneecap 1289 745 19.3 102.8 358.0 1745 191
(28) Middle of shin 127.7 62.8 50.6 111.2 359.1 146.1 196
(29) Calf muscle 113.0 62.8 27.8 99.4 337.1 146.6 197

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 14. Empirical distribution of the data from quasi-static and blunt contact (quasi-static force limits)

Load type quasi-static (clamping)
Contact type blunt (force-based limits)
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Table 15. Descriptive statistics of transient and semi-sharp contact (transient pressure limits)

Load type transient (impact)
Contact type semi-sharp (pressure-based limits)
Maximum pressure [N/cm?]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 140.7 975 27.1 109.5 570.1 168.9 39
(2) Temple 58.2 35.3 9.9 473 209.8 736 39
(3) Masticatory muscle 42.8 234 11.2 41.7 142.2 49.0 39
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 1385 80.8 394 1219 399.1 1857 39

Trunk (6) Shoulder joint 90.7 36.9 324 82.7 2324 106.5 77
(7) 5th lumbar vertebra 158.6 71.3 54.8 150.3 366.5 180.6 43
(8) Sternum 62.3 28.7 21.9 54.4 1252 89.1 38
(9) Pectoral muscle 59.1 23.1 27.8 548 1145 753 19
(10) Abdominal muscle 48.6 24.3 204 41.6 117.9 542 39
(11) Pelvic bone 221.7 134.0 287 1889 826.6 2834 79

Upper extremities (12) Deltoid muscle 92.9 38.4 38.3 82.8 2296 1126 77
(13) Humerus 116.2 679 27.8 97.0 350.7 1355 77
(14) Radial bone 1425 704 379 138.8 4285 170.6 79
(15) Forearm muscle 1179 494 32.7 111.8 359.0 138.3 79
(16) Arm nerve 1M1.1 44 1 47.4 104.7 281.8 133.6 79

Hand and fingers (17) Forefinger pad D 203.3 952 421 2055 387.5 24438 39
(18) Forefinger pad ND 197.3 979 42.2 166.4 4715 2483 79
(19) Forefinger end joint D 4998 1445 2723 4664 8799 602.1 39
(20) Forefinger end joint ND 4189 168.1 76.7 3936 8145 521.7 79
(21) Thenar eminence 1489 76.6 51.1 131.4 491.7 179.8 79
(22) Palm D 270.8 1184 80.6 2689 5369 3344 39
(23) Palm ND 2429 1437 73.2 196.7 8543 286.6 78
(24) Back of the hand D 5448 264.7 159.9 4984 14509 699.2 39
(25) Back of the hand ND 381.4 207.2 645 3355 11314 4711 79

Lower extremities (26) Thigh muscle 136.1 55.7 31.3 127.0 2626 1594 79
(27) Kneecap 2254 1164 436 2020 6124 2924 77
(28) Middle of shin 317.5 147.7 488 2942 836.4 413.7 79
(29) Calf muscle 149.3 73.8 50.8 1355 3788 187.0 79

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 15. Empirical distribution of the data from transient and semi-sharp contact (transient pressure limits)
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Table 16. Descriptive statistics of transient and semi-sharp contact (maximum contact force)

Load type transient (impact)
Contact type semi-sharp
Maximum contact force [N]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 66.7 418 9.6 57 202.1 827 39
(2) Temple 415 24.3 4.9 38.1 146.7 54.4 39
(3) Masticatory muscle 36.1 20.3 9.1 33.5 117.2 429 39
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 48.7 23.2 15.8 428 1143 57.2 39

Trunk (6) Shoulder joint 55.6 22.6 20.1 54.3 114.2 70.6 77
(7) 5th lumbar vertebra 133.3 53 54 127.6  268.3 164 43
(8) Sternum 51 24.9 16 42.8 124.3  69.1 38
(9) Pectoral muscle 52.9 245 20.6 463 1143 62.2 19
(10) Abdominal muscle 453 29.2 11.9 35.7 126.8 494 39
(11) Pelvic bone 1055 514 22.2 96.8 2515 149 79

Upper extremities (12) Deltoid muscle 65.8 28.7 14.3 649 136.1 884 77
(13) Humerus 82.6 33.2 20.6 82.7 161.8 107.8 77
(14) Radial bone 96.5 37.7 26.8 958 2235 119.2 79
(15) Forearm muscle 94 38.4 219 88.7 2234 117.8 79
(16) Arm nerve 71.9 26.6 27.1 70.2 1429 89.3 79

Hand and fingers (17) Forefinger pad D 1859 67.7 42 181.9 300.7 2392 39
(18) Forefinger pad ND 179.2 834 31.5 168.9 4239 2244 79
(19) Forefinger end joint D 134.6 55 499 136.9 2653 171 39
(20) Forefinger end joint ND  132.2  57.5 36 120.2 328.2 165.8 79
(21) Thenar eminence 1209 534 353 1157 3006 157.3 79
(22) Palm D 183.7 64.6 66.7 174.1 3211 2352 39
(23) Palm ND 166.3  73.1 33.1 154.7 351.3 208.2 78
(24) Back of the hand D 108.5 41 49.2 101.1 2304 135 39
(25) Back of the hand ND 87.9 37.5 24.2 85 195.2 1139 79

Lower extremities (26) Thigh muscle 122 47.7 20.2 1239 2324 14838 79
(27) Kneecap 130.6 51.5 355 1259 2893 171.3 77
(28) Middle of shin 118 49.2 40.9 117 286.8 155.8 79
(29) Calf muscle 1276 57.5 324 1212 2593 1732 79

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 16. Empirical distribution of the data from transient and semi-sharp contact (maximum contact force)
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Table 17. Descriptive statistics of transient and semi-sharp contact (maximum deformation)

Load type transient (impact)
Contact type semi-sharp
Maximum deformation [mm]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 24 0.8 0.8 2.3 4.9 2.9 39
(2) Temple 6.1 1.6 3.5 5.8 11.5 7.0 39
(3) Masticatory muscle 11.0 3.2 7.2 10.3 19.6 12.1 39
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 13.6 4.2 6.4 13.4 27.2 15.0 39

Trunk (6) Shoulder joint 17.5 6.7 7.8 15.9 394 20.2 77
(7) 5th lumbar vertebra 15.3 8.3 54 13.3 445 17.9 43
(8) Sternum 10.0 3.4 4.7 9.3 18.0 12.3 38
(9) Pectoral muscle 245 6.5 17.6 22.6 445 279 19
(10) Abdominal muscle 61.2 17.5 284 58.9 97.2 70.0 39
(11) Pelvic bone 16.6 16.7 1.8 12.1 1043 18.6 79

Upper extremities (12) Deltoid muscle 29.8 8.0 14.6 30.1 48.8 35.4 77
(13) Humerus 14.4 4.8 6.8 13.9 28.9 17.5 77
(14) Radial bone 1.3 3.7 4.2 10.9 22.9 13.7 79
(15) Forearm muscle 17.0 3.5 7.7 171 24.7 19.1 79
(16) Arm nerve 17.8 3.9 1.3 17.2 28.2 20.1 79

Hand and fingers (17) Forefinger pad D 9.1 3.0 3.3 9.2 14.9 11.6 39
(18) Forefinger pad ND 11.0 5.0 4.0 9.9 33.2 12.7 79
(19) Forefinger end joint D 5.6 1.6 2.9 5.1 9.1 6.8 39
(20) Forefinger end joint ND 6.5 2.3 2.5 6.1 13.4 7.4 79
(21) Thenar eminence 17.7 3.6 9.4 18.0 254 20.0 79
(22) Palm D 11.9 3.2 6.9 11.5 20.6 14.2 39
(23) Palm ND 14.3 3.2 9.1 13.9 22.7 16.5 78
(24) Back of the hand D 5.8 1.9 1.9 6.0 1.1 6.7 39
(25) Back of the hand ND 6.4 2.0 2.8 6.3 141 7.2 79

Lower extremities (26) Thigh muscle 37.3 9.0 22.8 36.2 66.4 40.8 79
(27) Kneecap 11.0 6.4 2.6 9.1 29.0 13.2 77
(28) Middle of shin 6.8 3.6 1.6 6.2 20.5 7.9 79
(29) Calf muscle 34.2 6.7 15.7 34.4 52.5 37.6 79

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 17. Empirical distribution of the data from quasi-static and semi-sharp contact (maximum deformation; control group)
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Table 18. Descriptive statistics of transient and blunt contact (transient force limits)

Load type transient (impact)
Contact type blunt (force-based limits)
Maximum force [N]

Body part Body location AVG STD MIN MED MAX Q3 N

Head and neck (1) Forehead 116.0 998 104 852 4855 1328 39
(2) Temple 70.6 452 11.8 59.1 2115 835 39
(3) Masticatory muscle 554 29.0 18.6 48.2 140.8 70.6 39
(4) Neck muscle - - - - - - -
(5) 7th cervical vertebra 62.7 33.4 13.3 56.7 1746 753 39

Trunk (6) Shoulder joint 87.2 39.0 26.2 814 198.9 1054 79
(7) 5th lumbar vertebra 149.3 785 20.7 125.0 412.7 1957 75
(8) Sternum 91.6 61.8 15.1 67.8 239.7 110.7 39
(9) Pectoral muscle 95.1 50.6 37.4 79.4 2202 120.0 19
(10) Abdominal muscle 64.3 40.1 19.4 50.8 182.6 815 39
(11) Pelvic bone 127.8  61.2 474 115.8 380.7 152.6 79

Upper extremities (12) Deltoid muscle 99.8 479 25.1 88.1 2317 1304 79
(13) Humerus 126.8 47.7 39.1 123.5 2604 163.0 77
(14) Radial bone 1556  75.6 59.4 1404 481.1 192.6 79
(15) Forearm muscle 1456 64.2 51.6 130.3 3454 1725 77
(16) Arm nerve 125.8 58.1 41.3 114.8 341.8 148.9 79

Hand and fingers (17) Forefinger pad D 343.8 1783 100.0 325.3 687.9 4485 39
(18) Forefinger pad ND 305.7 1716 729 2909 710.1 4109 79
(19) Forefinger end joint D 345.7 150.7 1069 313.0 686.5 450.7 39
(20) Forefinger end joint ND  310.6  159.4 65.6 267.8 740.1 397.7 79
(21) Thenar eminence 223.7 1209 50.0 1923 6394 264.9 79
(22) Palm D 3439 1629 103.7 326.3 7343 482.0 39
(23) Palm ND 282.0 148.2 669 2364 768.3 364.2 78
(24) Back of the hand D 257.8 979 136.5 243.1 4854 316.2 39
(25) Back of the hand ND 207.3 1014 464 188.2 583.6 2533 78

Lower extremities (26) Thigh muscle 179.2 937 38.2 1549 5336 223.1 78
(27) Kneecap 226.2 129.2 526 190.1 6455 308.9 77
(28) Middle of shin 2194 1133 724 202.2 6654 267.8 79
(29) Calf muscle 217.8 107.8 665 1894 609.6 280.6 79

AVG = mean; STD = standard deviation; MIN = minimum; MED = median; MAX = maximum; Q3 = third quartile; N = sample size
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Figure 18. Empirical distribution of the data from transient and blunt contact (transient force limits)

Load type transient (impact)
Contact type blunt (force-based limits)
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5.4.3 Hypothesis testing

In Section 2.1, we hypothesized that the contact period and the contact area influence the pain
thresholds’ trend. This section will demonstrate whether our hypotheses are correct, albeit the
descriptive statistics have already proven they are. We must rephrase the hypotheses for the test
so that the test can disprove their antitheses. Observations have to be based on the same output
variables so that the hypotheses for the blunt and semi-sharp contact bodies can be tested equally.
Another requirement is that the observations analyzed by the test rely all on the same output
variable. We will use the maximum contact force since it is the only output variable that we meas-
ured in every test.

Since the samples from our studies are incomplete (one subject did not finish the study for in-
stance), we cannot use standard methods such as repeated-measures ANOVA to disprove both
hypotheses. A linear mixed model constitutes a suitable method for obtaining reliable evidence
even from imperfect samples. This statistical model analyzes the observations Z; from subject i as
a linear combination of explanatory variables x! with fixed effects B and additional explanatory
variables uf with random and subject-specific effects y (Fahrmeir et al. 2009)

Zi=xIB+uly+g

In our rephrased hypotheses, the explanatory variable consists of the nominal variable x;; repre-
senting the load type and xg; representing the contact body type

x; =[1 x x5l

Table 19 presents the values we assigned to both nominal-scaled variables. Next, we need to find
a transformation that ensures the observations Z; are distributed normally, a requirement for the
linear mixed model. Since an Anderson-Darling test demonstrated that the log-normal distribution
represents the form of the empirical cumulative distribution most accurately, we applied the fol-
lowing transformation to convert the observations, thus meeting the requirements

Zi = anl'

Table 19. Values of the nominal-scale explanatory variables for hypothesis testing

Load type Contact type xp Xs
Quasi-static Semi-sharp 1 1
Blunt 1 2
Transient Semi-sharp 2 1
Blunt 2 2

Once 2; and x! are in place, we can refine the regression model as follows
T
Inz; =X; B+ yip + &

where y;q is the subject-specific variance. We used the MATLAB function filtmle to determine
the fixed effects B of the model. If B, = B differ significantly from zero B, # 0, the test disproves
the hypothesis linked with the slope factor k € {0,1,2}
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Hy: B =0 the covariable has no influence
Hy: By # 0 the covariable has an influence

In our case, By # 0 indicates that the covariable x;, affects pain thresholds. The Wilkinson notation
for the MATLAB function filtmle is

force ~ studyID + shapelD + (1 | subjectID)

We used a significance level of @ = 0.05. Table 20 presents the test results in order of body loca-
tion. As columns 6 and 8 show, the p value is always p < a, indicating the test disproves both
hypotheses. The test thus delivers strong evidence that load type and contact body type influence
pain threshold trends.

Table 20. Results of the hypotheses test

Load type Contact type

Body part Body location Bo p B4 p B2 P
Head and neck 1) Forehead 2.109 <0.001 0.568 <0.001 0.620 <0.001
2) Temple 1.871 <0.001 0.475 <0.001 0.624  <0.001
3) Masticatory muscle 1.597 <0.001 0.440 <0.001 0.695 <0.001

4) Neck muscle - - - - - -
5) 7th cervical vertebra 1.605 <0.001 0.385 0.010 0.861 <0.001
Trunk 6) Shoulder joint 2.694 <0.001 0.386 <0.001 0.405 <0.001
7) 5th lumbar vertebra 2.972 <0.001 0.257 <0.001 0.659 <0.001
8) Sternum 2.426 <0.001 0.455 <0.001 0.575 <0.001
9) Pectoral muscle 2.441 <0.001 0.508 <0.001 0.405 <0.001
) Abdominal muscle 2.122 <0.001 0.291 <0.001 0.752 <0.001

Pelvic bone 3.045 <0.001 0.205 <0.001 0.619 <0.001
Deltoid muscle 3.106 <0.001 0.356 <0.001 0.291 <0.001
Humerus 1.831 <0.001 0.554 <0.001 0.932 <0.001
Radial bone 2.544 <0.001 0.511 <0.001 0.668 <0.001
Forearm muscle 2.672 <0.001 0.455 <0.001 0.611 <0.001
Arm nerve 2.172 <0.001 0.529 <0.001 0.706 <0.001
Forefinger pad D 2.714 <0.001 0.536 <0.001 0.880 <0.001
Forefinger pad ND 2.495 <0.001 0.509 <0.001 0.990 <0.001
Forefinger end joint D 1.713 <0.001 0.995 <0.001 0.966 <0.001

)

Upper extremities )

)

)

)

)

)

)

)
20) Forefinger end joint ND  2.078 <0.001 0.800 <0.001 0.909 <0.001

)

)

)

)

)

)

)

)

)

)
)
)
)
)
)
)
)
0
1
2
3
4
5
6
Hand and fingers 7
8
9

1
1
1
1
1
1
1
1
1
1

21) Thenar eminence 2.320 <0.001 0.607 <0.001 0.825 <0.001
22) Palm D 2.411 <0.001 0.641 <0.001 0.954 <0.001
23) Palm ND 2.391 <0.001 0.538 <0.001 0.997 <0.001
24) Back of the hand D 2.022 <0.001 0.926 <0.001 0.761 <0.001
25) Back of the hand ND 2.124 <0.001 0.889 <0.001 0.633 <0.001
26) Thigh muscle 3.435 <0.001 0.317 <0.001 0.444 <0.001
27) Kneecap 3.194 <0.001 0.415 <0.001 0.569 <0.001
28) Middle of shin 3.004 <0.001 0.543 <0.001 0.515 <0.001
29) Calf muscle 2.751 <0.001 0.521 <0.001 0.684 <0.001

Lower extremities

(
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(
(
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(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
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6 Discussion

Most standards use data from experiments and extensive literature surveys to define biomechan-
ical limits. This wide range of sources often contribute heterogeneous data to the limits (Behrens
et al. 2014). This study was intended to define limits for all pertinent body locations based on
homogenous and consistent data from one particular source, regardless of whether sources or
data that already fit to the study’s objective are available.

6.1 Comparison of the data

As the work plan indicates, one of our final study’s objectives was the testing of a control group
with the same parameters Johannes Gutenberg University Mainz (JGU) used in 2014 to determine
pressure-based limits for quasi-static and semi-sharp contacts. This control group was intended to
ensure that our study protocol and procedures produced results comparable to those obtained by
JGU.

Figure 19 compares the pressure-based pain thresholds from the Fraunhofer IFF’s control group
with those from the over 100 subjects in JGU’s study. We received the data from the IFA by
courtesy. The box plots reveal a noticeable difference between both studies. The pain thresholds
from JGU exceed those from the Fraunhofer IFF for most body locations, especially for body parts
with distinct soft tissue layers covering bone. A comparison of the pain thresholds based on max-
imum contact forces paints an entirely different picture (Figure 20, page 45). The means of these
box plots reveal a significantly smaller difference than the means of the pressure-based thresholds
in Figure 19 have. Should this study protocol differ completely from JGU's study protocol, the
force-based thresholds ought to deviate similarly to the pressure-based thresholds. While JGU
conceivably may have based their analysis on a different approach, a South Korean study com-
pleted in 2019 with results similar to ours arrived at the same conclusions.
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Figure 19. Comparison of the maximum pressures from the Fraunhofer IFF’s control group and the study of JGU Mainz
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Figure 20. Comparison of the maximum force from the Fraunhofer IFF’s control group and the study of JGU Mainz
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6.2 Limit values

FBHM 080 and ISO/TS 15066 identify the 3rd quartile of the empirically distributed thresholds as
the desired limit value for the corresponding body location and contact type. Column 8 of Table
14 through 18 contains the 3rd quartile of the pressure- and force-based pain thresholds for all
body locations and contact types tested. Extracting the 3rd quartile values and rounding them to
their last digit yields the results presented in Table 21. We also include ISO/TS 15066's pressure-
based limits for quasi-static contact from the JGU in the column 3 of Table 21, even though section
6.1 represents a substantial deviation from our results, .

The last two columns of Table 21 contain factors that convert the quasi-static limits into transient
limits

lz;TR = Vsz’Qs ﬁTR = thFQS

Since we could not perform any load tests on (4) neck muscle (see Section 2.3.1), we had to
estimate its limits. The individual force-based thresholds provided by JGU for (3) masticatory mus-
cle and (4) neck muscle are distributed equally (see Figure 20). We can therefore assume that the
desired limit for (4) neck muscle is close to that for (3) masticatory muscle. The means of both
samples reveal that the threshold for (4) neck muscle is 1.1 times the threshold for (3) masticatory
muscle. Applying this relative difference to the limits of (3) masticatory muscle yields the estima-
tions for (4) neck muscle.

Table 22 contains the results from our control group rather than JGU’s group of 100 subjects,
thus resulting in different factors for pressure limit conversion. Since we do not believe that the
limits from JGU represent individuals’ actual pain thresholds, we strongly recommend that the
limits in Table 22 for future revisions and publications of standards.
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Table 21. Limit values, including those provided by JGU for FBHM 080 and ISO/TS 15066

Quasi-static (QS) Transient (TR) Factors QS = TR
Body part Body location [I\lll/}cqnfz] Iirg]s [r}lI/JcTnle] P['rS]R Vy Vi
Head and neck (1) Forehead 130 100 170 130 1.3 1.3
(2) Temple 110 70 70 80 0.6 1.1
(3) Masticatory muscle 110 50 50 70 0.5 1.4
(4) Neck muscle 140 60* 60* 80* 0.4 1.3
(5) 7th cervical vertebra 210 50 190 80 0.9 1.6
Trunk (6) Shoulder joint 160 70 110 110 0.7 1.6
(7) 5th lumbar vertebra 210 100 180 200 0.9 2.0
(8) Sternum 120 90 90 110 0.8 1.2
(9) Pectoral muscle 170 60 80 120 0.5 2.0
(10) Abdominal muscle 140 60 50 80 0.4 1.3
(11) Pelvic bone 210 100 280 150 1.3 1.5
Upper extremities (12) Deltoid muscle 190 100 110 130 0.6 1.3
(13) Humerus 220 70 140 160 0.6 2.3
(14) Radial bone 180 110 170 190 0.9 1.7
(15) Forearm muscle 190 100 140 170 0.7 1.7
(16) Arm nerve 180 90 130 150 0.7 1.7
Hand and fingers (17) Forefinger pad D 300 170 240 450 0.8 2.6
(18) Forefinger pad ND 270 160 250 410 0.9 2.6
(19) Forefinger end joint D 280 160 600 450 2.1 2.8
(20) Forefinger end joint ND 220 170 520 400 2.4 2.4
(21) Thenar eminence 200 130 180 260 0.9 2.0
(22) Palm D 260 190 330 480 1.3 2.5
(23) Palm ND 260 160 290 360 1.1 2.3
(24) Back of the hand D 200 150 700 320 3.5 2.1
(25) Back of the hand ND 190 140 470 250 2.5 1.8
Lower extremities (26) Thigh muscle 250 160 160 220 0.6 1.4
(27) Kneecap 220 170 290 310 1.3 1.8
(28) Middle of shin 220 150 410 270 1.9 1.8
(29) Calf muscle 210 150 190 280 0.9 1.9
*) estimated
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Table 22. Limit values, including those from the control group of this study

Quasi-static (QS) Transient (TR) Factors QS = TR
Body part Body location [$c‘$nsz] Iirg]s [N/gnlfz] P['rS]R Vy Vi
Head and neck (1) Forehead 110 100 170 130 1.5 1.3
(2) Temple 60 70 70 80 1.2 1.1
(3) Masticatory muscle 30 50 50 70 1.7 1.4
(4) Neck muscle 30* 60* 60* 80* 2.0 1.3
(5) 7th cervical vertebra 70 50 190 80 2.7 1.6
Trunk (6) Shoulder joint 60 70 110 110 1.8 1.6
(7) 5th lumbar vertebra 70 100 180 200 2.6 2.0
(8) Sternum 70 90 90 110 1.3 1.2
(9) Pectoral muscle 60 60 80 120 1.3 2.0
(10) Abdominal muscle 40 60 50 80 1.3 1.3
(11) Pelvic bone 240 100 280 150 1.2 1.5
Upper extremities (12) Deltoid muscle 90 100 110 130 1.2 1.3
(13) Humerus 60 70 140 160 2.3 2.3
(14) Radial bone 80 110 170 190 2.1 1.7
(15) Forearm muscle 60 100 140 170 2.3 1.7
(16) Arm nerve 70 90 130 150 1.9 1.7
Hand and fingers (17) Forefinger pad D 100 170 240 450 2.4 2.6
(18) Forefinger pad ND 80 160 250 410 3.1 2.6
(19) Forefinger end joint D 140 160 600 450 4.3 2.8
(20) Forefinger end joint ND 150 170 520 400 35 2.4
(21) Thenar eminence 60 130 180 260 3.0 2.0
(22) Palm D 70 190 330 480 4.7 2.5
(23) Palm ND 70 160 290 360 4.1 2.3
(24) Back of the hand D 170 150 700 320 4.1 2.1
(25) Back of the hand ND 180 140 470 250 2.6 1.8
Lower extremities (26) Thigh muscle 80 160 160 220 2.0 1.4
(27) Kneecap 130 170 290 310 2.2 1.8
(28) Middle of shin 210 150 410 270 2.0 1.8
(29) Calf muscle 80 150 190 280 2.4 1.9
*) estimated
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A Body Locations

The following list describes the anatomical landmarks and distances we used to localize the body
locations tested.

(1) Forehead The contact point is centered on the
forehead in a distance of a thumb-
space from the glabella.

(2) Temple The contact point is on the line run-
ning cranially along the rear edge of
the mandibular ramus in cranial direc-
tion. The point has a distance of a
thumb-space from the level of the tra-
gus.

(3) Masticatory muscle The contact point is on the line run-
ning from the outermost point of the
mandibular ramus toward the eye. Its
distance from the outermost point of
the mandibular ramus is one-third of
the line's total length.

(5) 7th cervical vertebra The contact point is the outermost
posterior point of the 7th cervical ver-
tebra.
(6) shoulder joint The contact point is the outermost 7

point anterior to the spherical shoul-
der joint
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(7) 5th lumbar vertebra

The contact point is the outermost
posterior point of the 5th lumbar ver-
tebra (L5). L5 is approximately on the
same level as contact point (11).

(8) Sternum

The contact point is on the middle
line of the thorax running in caudal
direction. Its distance from the jugular
notch in caudal direction is 100 mm.

(9) Pectoral muscle

The contact point is the intersection
point of the line from (8) in lateral di-
rection with the line from the nipple
on the non-dominant body side in
cranial direction.

(10) Abdominal muscle

The contact point is on the line run-
ning from (8) toward the navel. Its
distance from the navel is one-third of
the line's total length.

(11) Pelvic bone

The contact point is the outermost
anterior point of the iliac crest.

(12) Deltoid muscle

The contact point lies in the lateral
middle line of the upper arm. Its dis-
tance from the acromion is 50 to 60
mm (depending on the length of the
humerus).

(13) Humerus

The contact point is on virtual line
running from the acromion to the up-
per end of the elbow joint. Its cranial
distance from the elbow joint is 60 to
80 mm (depending on the length of
the humerus).
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(14) Radial bone

The contact point is on the line run-
ning from the outermost lateral point
of the triquetral bone to (16). Its cra-
nial distance from the triquetral bone
is 40 mm.

(15) Forearm muscle

The contact point lies a lateral dis-
tance of 40 mm from the supporting
point, which is on the line running
from (16) to the outermost lateral
point of the triquetral bone. The dis-
tance of the supporting point from
(16) is 100 mm.

(16) Elbow pit

The contact point is on the middle
skin fold of the elbow pit, which ap-
pears when the arm is slightly bent.
Its lateral distance from the biceps
tendon is 10 mm.

(17)/(18) Forefinger pad

The contact point is in the center of
the circular running skin ridges on the
tip of the index finger.

(19)/(20) Forefinger end joint The contact point is the outermost

point of the end joint of the slightly
bent forefinger.

(21) Thenar eminence

The contact point lies on the line run- PN
ning along the fully outstretched I
thumb to the wrist. Its distance from !
the wrist is one-third of the line
length.
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(22)/(23) Palm

The contact point is the deepest point
in the center of the slightly closed
hand.

(24)/(25) Back of the hand

The contact point lies between the
MCP 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.

(26) Thigh muscle

The contact point is on the line run-
ning from (11) toward (27). Its proxi-
mal distance from (27) is one-third of
the line's total length.

(27) Kneecap

The contact point is the outmost
point in the center of the kneecap.

(28) Middle of shin

The contact point is on the line run-

ning from (27) toward the instep. Its
distance from (27) is one-third of the
line’s total length.

(29) Calf muscle

The contact point is on the same level
on the posterior side of (28).
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