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1. Introduction 

Abdominal injuries do not occur very frequently but when they occur they are often of high severity. 
Although measures against submarining, which was the main cause for abdominal injuries in the past, 
where established (e.g. seat ramps, belt pretensioners, and improved belt geometry) there are still 
abdominal injuries in real world accidents. Recent accident investigations of LAB show that abdominal 
injuries still occur in rear seat occupants [Walfisch, 2003]. Based on the study of US accident with air 
bag deployment Digges et al. [Digges, 1996] proposed a priority for the measurement of abdominal 
injury risk. The current dummies offer various possibilities to measure injury relevant loads. For 
abdominal injuries various injury criteria and possibilities to assess them were proposed. 
Nevertheless only a few of them are used in current dummies (e.g. E-SID, THOR). 

Within this subproject an abdominal sensor will be developed, taking into account accepted injury 
criteria, reliable measurement methods and the possibility to use it in current dummies. Of course for 
the development of a suitable protection criterion the accurate measurement of relevant loads and the 
biofidelity of the dummy with respect to the different injury mechanisms are necessary. Besides 
proposals to assess the pelvis rotation [Adomeit, 1979] or dummy forward movement [Walters, 1983] 
different abdominal sensors are used and proposed. Some of the sensors are only able to cope with 
submarining but others could assess abdominal loads applied by belt, steering wheel or airbag. 

1.1. BACKGROUND (PROJECT GOALS AND METHODOLOGY) 

The IP on Advanced Protective Systems (APROSYS) is focusing on scientific and technological 
development in the field of passive safety (crash safety). The field of passive safety concerns in 
particular human biomechanics (injury mechanisms and criteria), vehicle and infrastructure 
crashworthiness and occupant and road user protection systems. The general objective of APROSYS 
is the development and introduction of technologies that improve passive safety for all road users in 
all relevant accident types and accident severities. 

APROSYS is structured in 9 subprojects of which the “Injury Biomechanics” subproject aims at the 
development of new knowledge on injury mechanisms and corresponding injury criteria and tolerance 
levels. The focus is on injuries with high societal relevance like head injuries as well as injuries of 
children and elderly.  

The work package 5.1 is intended to provide improved knowledge of human body mechanical 
behaviour and tolerance to injury under dynamic loading, leading to mechanical reference data to 
develop new or to improve existing crash test dummies and numerical human body models and 
leading to injury criteria to be measured using these evaluation tools. Priority will be put on omni-
directional head, thorax and abdomen injury, etc… 

The objective of this work, which is carried out under the task 5.1.4, is the development of an 
advanced abdominal sensor, which allows the assessment of the restraint system with respect to 
abdominal injuries. For an appropriate approach the work is structured into the following sections: 

1. Literature review 
2. Accident investigation 
3. Investigation of appropriate measurement methods 
4. Sensor development 
5. Injury risk functions 

1.2. OBJECTIVE AND METHODOLOGY OF DELIVERABLE     

The objective of this deliverable is to assess different possibilities for abdominal sensors. The 
assessment is based on an additional evaluation of injury criteria, a summary of different proposals 
and the relevant requirements for abdominal sensors. 

1.3. STRUCTURE OF DELIVERABLE  

Chapter 2 of this report describes the basics of distance and force measurement, which could be 
used for abdominal sensors. An overview about already used abdominal sensors and a proposal for 
abdominal sensors is given in chapter 3.  

The assessment of the different sensors takes place in chapter 4. Here emphasis is put on the 
evaluation of injury criteria and the definition of requirements the sensor has to fulfil.  
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2. Physical Methods for Detection of Abdominal Load s  

Taking into account the results of biomechanical tests VC (viscous criterion, product of abdominal 
compression and compression rate) and contact force are the most promising injury criteria.  In the 
following chapters principles to measure the time history of compression or contact force, 
respectively, are described. This description is limited to measurement principles, which seem to be 
useful for the assessment of abdominal loads. 

2.1. DISTANCE MEASUREMENTS 

For the analysis of the viscous criterion the assessment of the compression of the abdomen and the 
corresponding compression rate are necessary. This means that the time history of a location fixed 
relative to the dummy, e.g. the lumbar spine, and the anterior abdominal wall needs to be recorded. In 
principle this is possible using the following physical phenomena: 

·  Resistive distance measurement 
·  Capacitive distance measurement 
·  Sound waves distance measurement 
·  Optical distance measurement 
·  Inductive distance measurement 

In the following these possibilities are described more in detail. 

2.1.1. Resistive Distance Measurement 
The resistive measurement is based on the fact that the resistance of an electrical conductor depends 
on the length of the latter one.  
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Figure 2.1: Scheme of a resistive distance measurem ent [Tränkler, 1998] 

It is possible to convert the translational measurement as described in Figure 2.1 into a rotational 
measurement. In this case we are speaking about a string potentiometer, a string is tensioned by a 
spool, which is connected to a rotational potentiometer. In addition to the length sensitivity of the 
resistance of an electrical conductor, it depends on the diameter of the conductor.   

2.1.2. Capacitive Distance Measurement 
The capacitive measurement is based on the phenomenon that the capacity of a capacitor depends 
on the distance between both capacitor discs. That means that the capacity is inversely proportional 
to the distance according to Equation 2.1. 

d
A

��C R0 ××=  Equation 2.1 

C: Capacity 
e0: Dielectrical constant of the vacuum 
eR: Dielectrical constant of the material 
A: Area of the capacitor disc 
d: Distance between both capacitor discs 
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However the impedance of a capacitor is again inversely proportional to the capacity, so that a 
proportional resistance could be measured. 

2.1.3. Sound Waves Distance Measurement 
Distance measurement with sound waves uses the time difference between transmitting a sound 
wave packet to detection of the reflected packet.  

reflector
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Figure 2.2: Explanation of sound wave distance meas urement [Tränkler, 1998] 

The distance can be calculated based on the specific wave velocity, which depends on the properties 
of the medium.  
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Figure 2.3: Reflecting of sound waves [Tränkler, 19 98] 

Normally a combined transmitter/receiver is used for this application. In this case it is important to 
have a time difference between transmitting and receiving, which takes into account that the receiver 
is “blind” for a specific time after transmitting. 
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2.1.4. Optical Measurement 
The principal of operation of optical distance measurement is that the irradiance of the light decreases 
with increased distance between emitter and sensor. In addition specific light absorption materials can 
be used to assess the light losses in an optical fibre.  

2.2. FORCE MEASUREMENT 

The normal approach of measuring force or pressure is using either the piezoelectric or the 
piezoresistive effect of specific materials. 

2.2.1. Piezoresistive Effect 
The electrical resistance of metallic conductors depends on length and width. Increasing the length or 
decreasing the width increases the electrical resistance. This effect is used e.g. by strain gauges, 
where the conductor is organised in a wire grid to increase the effective sensor lengths. The change 
in electrical resistance is proportional to the strain applied to the sensor. 

2.2.2. Piezoelectric Effect 
Specific crystals are reacting to mechanical loads by movements of electrical loads within the crystal. 
This is called piezoelectric effect. 

Depending on the material the crystal is sensitive to pressure or shear forces. The movement of 
electric charge may be in the same direction as the load (longitudinal effect) or rectangular to the 
mechanical load (transversal effect), see Figure 2.4.  
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Figure 2.4: Scheme of the different piezoelectric e ffects [Tränkler, 1998] 
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3. Used and Proposed Abdominal Sensors 

The development of abdominal sensors started in the 70s. In the beginning there was a focus on 
lateral impact on the one hand and submarining detection in frontal impacts on the other. Both were 
limited to 50th percentile male dummies.  

In a later stage the developments of abdominal sensors were expanded to child dummies and 
pregnant dummies. In addition the frontal impact measurement was not only limited to submarining 
injuries. Of today’s dummies the EuroSID and the THOR are equipped with abdominal sensors. In 
addition an indicator for abdominal loads is used in the child dummy P series. 

In the following the proposals and realised sensors and indicators for abdominal loads are 
summarised, beginning with adult lateral impact dummies. 

3.1. SIDE IMPACT DUMMIES 

The first idea for the abdominal instrumentation of the EuroSID dummy was based on lateral drop 
tests of human cadavers. Walfisch [Walfisch, 1980] concluded that no liver AIS 3+ injuries occur below 
a compression limit of 28% of the half width which is combined with a force of more than 4500N. 
Because the liver is the most vulnerable abdominal organ it was decided to use the liver limits for the 
entire abdomen. 

The design criteria for the instrumented abdomen for the EuroSID were as follows [Walfisch, 1980]: 
·  Injury criteria for thorax and pelvis should help to reduce abdominal injury 
·  Dummy abdomen should be symmetrical 
·  Same injury criterion for right and left impacts 
·  Abdomen for repeated use 
·  Instrumentation as simple as possible 
·  Repeatability and reproducibility high priority 
·  Only go/no go criterion necessary 

It seemed to be too complicated to measure time history information of relative penetration and force 
therefore a decision for the simple go/no go criterion was taken.  

The abdomen was built up with a rigid drum in the inner part of the abdomen. At this drum six 
switches, covered by steel springs, were mounted, which indicate too high loads to the abdomen. A 
urethane foam simulates the outer part of the abdomen. Activation of a switch indicates a compression 
of the abdomen of more than 28 % for which a force of more than 4.5 kN is necessary. 

The rigid drum acts as a physical stop for the compression. Therefore the abdomen does not behave 
biomechanically correct for a compression above 28 % [Maltha, 1981]; however a compression of 
28 % closes the switch and indicates a high injury risk. The design of the abdomen and the switches is 
shown in the next figures. 

 

Figure 3.1: Design principle of proposed EuroSID ab domen with abdominal sensors 
[Maltha, 1981] 
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Figure 3.2: Switch design of proposed EuroSID abdom en [Maltha, 1981] 

The orientation of the switches allows measuring not only purely lateral impacts but also ± 30° impact s 
[Maltha, 1981]. Maltha [Maltha, 1981] proposed to use this design not only for lateral but also for 
frontal impact dummies.  

Although the event switches were considered to be sufficient for legal testing, it was decided to 
replace them by force transducers to improve the information for research and development [Roberts, 
1988]. Figure 3.3 shows the abdominal design and the position of the force transducers of the ES2 
dummy, which is similar to the current EuroSID design. 

 
Figure 3.3: ES2 Abdomen [FTSS, 2005] 

The WORLD SID offers the possibility to measure the compression of both of the “abdominal ribs” by 
IR-TRACCs (see below). 

3.2. FRONTAL IMPACT DUMMIES 

In the beginning the main focus on abdominal load detection in frontal impact dummies was driven by 
submarining injuries. The proposed detection systems vary significantly from systems which are able 
to measure other abdominal loads, e.g. applied by the steering wheel. Therefore these two different 
approaches are described in separate chapters. 

3.2.1. Submarining Detection 
At the beginning of this chapter it has to be mentioned that comparison of PMHS tests and dummy 
tests showed, that the tendency to submarine is greater with a HII dummy compared with human 
subjects [Leung, 1979] and HIII dummies were felt not to be suitable for submarining detection 
[Walfisch, 2003]. 

For detection of submarining the observation of the lap belt and its position by high speed cameras in 
principle offers the best possibility. Unfortunately the available inboard space for the camera 
positioning is limited and especially in car tests the use of stationary cameras does not allow to 
observe the lap belt because it is hidden by the side structure. Therefore other solutions were 
necessary. 
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Before these solutions are summarised it is necessary to recall the submarining phenomenon: 
Submarining describes the situation when the lap belt penetrates the abdomen because it does not 
remain at the iliac crest during crash or it was positioned above the iliac crest before the accident. For 
the injury severity the lap belt force during submarining is very important, especially in the first 
mentioned cases. 

Adomeit [Adomeit, 1979] proposed to measure the pelvis rotation as an indictor of submarining.  

A possibility to detect dangerous submarining in tests offers the so called APR transducer or R-
transducer. The transducer is a cantilever beam, which is mounted at the anterior-superior iliac crest 
[Leung, 1979], see Figure 3.4.  

 

Figure 3.4: Position of the transducer [Leung, 1979 ] 

The transducers were used in two different lengths. The APR transducers are able to detect a 
“submarining lap belt position” and the magnitude of belt load after the submarining occurred. Figure 
3.5 shows the function principle of the sensor. While the lap belt remains at the iliac crest, there is no 
measurement. In case of submarining, the lap belt will be fixed at the sensor and the force applied to 
the abdomen can be measured. Leung [Leung, 1979] derived an abdominal load limit of 1 kN for 
dangerous submarining applicable for this sensor.  

Section CC
R-Transducer
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C-Transducer
on A.S.I.S.

Thigh

Pelvis

A

B
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Lap-Belt
   A   Before Sub-Marining
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Figure 3.5: Fig. 18: Function principle of APR sens or [Leung, 1979] 

At a later stage a modified APR sensor was used together with the so called SWING sensor for a HIII 
dummy [Uriot, 1996]. This sensor detects the presence of a seat belt at the iliac crest during the test. It 
is located in a hole in the iliac wing. A cut in the dummy pelvis allows the measurement of force 
applied by the lap belt to the pelvis. 
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Figure 3.6: Fig 1 + 2 SWING sensor and operating pr inciple of the sensor [Uriot, 1996] 

Figure 3.7 shows the measurements of SWING sensor, APR sensor (here called CAP-SM2D) and lap 
belt force. It is obvious that in “phase 2” the lap belt left the iliac crest and afterwards loaded the 
modified APR sensor. 

 

Figure 3.7: Fig. 19: Submarining analysis based on the prototype channels in test CI257  
[Uriot, 1996] 

Quite similar submarining detection systems were proposed by Citroen and Ford in the same time as 
described by Leung [Leung, 1982]. While Citroen uses optical transducers mounted at the iliac crest to 
detect lap belt movements, Ford proposes to use force transducers. Figure 3.8 shows the positions of 
the optical / force sensors. 
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Figure 3.8: Position of the optical/force sensors ( Citroen and Ford proposal)  
according to [Kramer, 1991] 

A completely different approach was proposed by GM [Rouhana, 1989]. They suggested assessing 
submarining with a frangible abdomen made of Styrofoam, which displays belt loading. The stiffness of 
the frangible abdomen complies with low speed (around 3 m/s) tests with human cadavers as well as 
anaesthetised porcine subjects and porcine cadavers. To keep the costs for the not reusable 
abdomen as low as possible, the abdominal insert can be manufactured with a standard band saw. 
For the use of the frangible abdomen the chest potentiometer has to be removed.  

The next figures show the design of the frangible abdomen insert.  

 

Figure 3.9: Engineering drawings of the frangible a bdomen insert [Rouhana, 1989] 

The crush pattern of the abdominal insert allows to assess different kinds of submarining, as pre-test 
submarining or belt movement during the test (see Figure 3.10). 
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Figure 3.10: Crush patter of frangible abdomen in v arious sled tests [Rouhana, 1989] 

3.2.2. General Measurements 
As abdominal injuries in frontal impacts are not only caused by submarining, but also e.g. by the 
steering wheel, abdominal sensors which are able to cope with belt and steering wheel loading were 
developed. 

Leung [Leung, 1982] mentioned attempts to assess abdominal loads by measurement of the pressure 
in an abdominal airbags, which replaces the abdominal block of a Hybrid II dummy. This method was 
proposed in an ISO working group on biomechanics without written source. In addition Leung cited a 
Fiat proposal to use a set of pressure transducers arranged over the anterior face of the abdomen and 
thorax. 
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Toyota developed the so called TADAS (Toyota Abdominal Deformation Assessment System). The 
system consists of an open stainless steel band equipped with strain gages [Ishiyama, 1994]. The 
sensor is comparable with the chest band. However, the chest band is a closed steel band. Based on 
the measuring results of the strain gages the compression and compression rate of the abdomen can 
be calculated. The set up of the sensor is shown in Figure 3.11. 
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Figure 3.11: Toyota abdominal deformation sensor (l ), steel band with strain gages (r) 
[Ishiyama, 1994] 

  

Figure 3.12: Outlook for an improved sensor [Ishiya ma, 1994] 

Dynamic tests to TADAS with belt and a cylindrical bar showed reliable measuring results with a 
mistake around 10 % [Ishiyama, 1994]. The next figure shows an example of real compression shape 
and calculated compression shape in a static test with a cylindrical bar. 
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Figure 3.13: Comparison of actual deformation and c alculated deformation patterns  
[Ishiyama, 1994] 



APROSYS Project      Review of the abdominal measurements methods  – FINAL 
   AP-SP51-0040-C 
 

AP-SP51-0040-C  15/33 

The development of the abdomen of the THOR dummy combined biomechanical research concerning 
stiffness of the abdomen and the corresponding dummy development including instrumentation. In the 
following special emphasis is given to the instrumentation. However, a short explanation of the 
abdominal assembly is given first. 

The THOR abdomen consists of two separate segments. The upper abdomen is fixed to the thorax 
through ribs 5, 6 and 7 [Rangarajan, 1998]. As the behaviour of the upper abdomen is influenced by 
the ribcage, the stiffness is much higher than for the lower abdomen [Rangarajan, 1996]. The force 
compression corridor for the upper abdomen is based on Nusholtz’s steering wheel impact tests 
[Nusholtz, 1985] to the front upper abdomen of re-pressurised human cadavers. The lower abdomen 
is in general weaker than the upper abdomen [Rangarajan, 1996]. The force compression behaviour 
corresponds to frontal impact tests with a cylindrical bar to the lower abdomen of seated re-
pressurised human cadavers [Cavanaugh, 1986]. The lower abdomen is made of two layers of foam. 
The front layer is weaker than the rear layer. Depending on the dummy posture there might be a gap 
between the lower and the upper abdomen. Figure 3.14 shows the principle set up of the THOR 
dummy. 

  

Figure 3.14: Principal features of THOR [Rangarajan , 1998] (l), assembly of abdominal region 
[Martinez, 2003] (r) 

The instrumentation of the upper abdomen consists of a high tension string potentiometer, see Figure 
3.15, measuring the compression in the middle of the upper abdomen and an accelerometer, which 
should detect air bag loading from out of position tests. In addition pressure measurements are 
possible at the lower ribs. 

 

Figure 3.15: Upper abdominal assembly [Rangarajan, 1998] 
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In the first development stage the lower abdomen was equipped with two linear potentiometers at the 
left and the right side. In the later development phases these string potentiometers were replaced by a 
double gimbal string potentiometer first and then by IR-TRACCs (explanation IR-TRACC see below), 
Figure 3.16. 

 

Figure 3.16: Lower abdominal assembly [Rangarajan, 1998] 

Rouhana et al. [Rouhana, 2001] investigated possibilities for a reusable abdomen for the Hybrid III 
dummy family. Besides the development of an abdominal insert, which behaves biomechanically 
correct, they investigated various measurement principles for abdominal sensors. Finally the distance 
between spine and anterior abdominal wall was assessed by measuring the electric resistance across 
the abdomen. A smaller distance resulted in a smaller electrical resistance. For the measurement the 
abdomen is equipped with one cathode in front of the lumber spine and six anodes distributed at the 
anterior abdominal wall, see Figure 3.17. 

  

Figure 3.17: Silicon rubber abdomen with anodes at front (l) and cathode at rear (r) 
[Rouhana, 2001] 

Time history recording of the resistance allows calculating the compression and compression rate, 
thus VC. Theoretically the resistance is proportional to the distance [Rouhana, 2001]. 

3.3. CHILD DUMMIES 

Regarding children, there exist special risks for abdominal injuries. On the one hand, submarining is 
much more common because of less support to the lap belt because of the missing iliac crest. On the 
other hand the abdominal region is less protected by ribs and muscles. In addition related to the body 
size it is bigger than in adults. 

For the P series of dummies the use of a clay block, placed in front of the lumbar spine, is intended to 
help to assess abdominal loads in the legal ECE R44 testing. However, sometimes a lumbar spine 
flexion causes similar deformation of the clay block as abdominal loads from the lap belt. For this 
reason investigations of abdominal sensors for child dummies started in the 80’s. 
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Another possibility to detect lap belt penetration was proposed by TRL in 1984 [Czernakowski, 1987]. 
The damage of bubble film (packaging) material allows assessing the event of submarining. However, 
it was possible to damage the bubble film when handling the dummy. Therefore a film assessment 
was necessary (as with the clay block) to validate the bubble film result. 

Melvin [Melvin et a, 1986] developed a pressure sensor for the HIII 3 YO child dummy. The sensor is a 
fluid filled tube wrapped around the lumbar spine, (Figure 3.18). The used fluid is incompressible. The 
abdominal pressure can be measured in the cylinder, where the fluid compresses air. 

 
Figure 3.18: Pressure abdominal sensor for HIII 3YO  [Melvin, 1986] 

Based on the US approach mentioned above Czernakowski et al. [Czernakowski, 1987] developed a 
two dimensional pressure sensor for the TNO P-dummies. During their investigations they recognised 
that it is necessary to assess horizontal (x-direction) and vertical (z-direction) loads separately 
because heavy submarining could result in vertical loads only. The measurement of horizontal and 
vertical loads should be independent from each other.  

Piezo-Electrical
Pressure Sensor Flexible Supporting Plate Vertebrae

Hydraulic Tube Package

  

Figure 3.19: Two dimensional pressure sensor for P dummies [Czernakowski, 1987] 

The sensor is built up with non-expandable tubes filled with hydraulic oil with an initial pressure of 4 
bar. The horizontal loads are measured by a tube wrapped around a flexible supporting plate, which is 
placed against the lumbar spine. The vertical loads are measured by a half loop mounted at the inner 
portion of the lower rib cage. 

The pressure sensor readings are proportional to the applied surface loads [Czernakowski, 1987]. The 
authors did not use a compression measurement because the biofedelity of the dummy abdomen was 
felt to be not sufficient. 

The following figures show different sensor readings for different restraint configurations. It can be 
noticed that worse restraint situations lead to higher sensor readings. 
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Figure 3.20: P3-dummy-sensor readings under differe nt load conditions [Czernakowski, 1987] 
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Figure 3.21: P3-dummy-sensor readings under differe nt load conditions [Czernakowski, 1987] 

Another possibility to measure abdominal loads for the P series was proposed by Biard et al. [Biard, 
1993]. An abdominal pressure sensor bag filled with water is placed in front of the lumber spine and 
replaces the clay block. 

 

Figure 3.22: Pressure Transducer into the abdomen o f TNO P3 [Biard, 1993] 
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The shape of the sensor readings in abdominal load tests is comparable with the impact force. In 
addition to abdominal pressure bag a force sensing resistor (FSR) was mounted on the 3rd vertebra. 

 

Figure 3.23: Comparison of different measurements [ Biard, 1993] 

However, the magnitude of measured pressure depends on the location of applied load, Figure 3.24. 
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Figure 3.24: Sensitivity to the impact location and  load magnitude [Biard, 1993] 

The repeatability in ECE tests is good [Biard, 1993]. The comparison of submarining versus non 
submarining tests showed considerable difference in the sensor readings. 

 

Figure 3.25: Comparison of submarining (left) and n on submarining (right) [Biard, 1993] 
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During the child safety EC project CREST the above mentioned pressure sensor was improved by 
INRETS. The shape of the sensor bag was adapted to the abdominal cavity, so that no changes of the 
abdominal insert were necessary. In addition the new bag is filled with paraffin. 

 

Figure 3.26: Intra abdominal pressure transducer fr om CREST project 

In addition a metallic force sensor for the P-dummies was developed by Renault during the CREST 
project [Chamouard, 1996]. This sensor detects, comparable to the APR cantilever sensor for HII adult 
dummies, a lap belt position above the iliac wing, see Figure 3.27. It has to be mentioned that both 
CREST sensors were used with a modified dummy with better biofidelity of thorax and pelvis 
[Chamouard, 1996]. 

 
Figure 3.27: Renault force sensor for P dummies [Ch amouard, 1996] 

TNO proposed to use a metallic load cell mounted at the back of the abdomen at the pelvis for the 
detection of abdominal loads in a Q3 dummy [van Ratingen, 1997].  

In a successor project to CREST, the CHILD project, INRETS and TUB developed abdominal sensors 
for the Q3 and Q6 dummies. While INRETS uses two gel filled bladders to measure the intra 
abdominal pressure, TUB measures the contact force to the abdominal block.  

The two INRETS pressure sensors are placed in wholes in the abdominal insert of Q3 or Q6 
abdomen, see Figure 3.28. By using two bladders it is possible to take into account different 
vulnerability of right and left side abdominal organs. In addition, it is possible to use the sensor in 
frontal and lateral impacts, as it is the case for the Q dummy series. The assessment of abdominal 
injury risk is planned by computing abdominal pressure and pressure rate. 
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Figure 3.28: INRETS CHILD abdominal sensor [Grant, 2004] 

The TUB approach bases on force measurement of the abdominal surface load. In the moment twenty 
single sensors are arranged in an array covering the entire outside surface of the abdominal insert, 
see Figure 3.29. Using this sensor array the magnitude and distribution of abdominal loads can be 
measured. The FlexiForce single sensors are working with a pressure resistive ink. Without any loads 
the electrical resistance is infinite, it decreases proportional to the load.  
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Figure 3.29: TUB CHILD abdominal sensor [Johannsen,  2004] 

The Japanese consumer organisation NASVA uses a surface pressure meter to assess the abdominal 
load of a HIII child dummy applied by the harness [Ono, 2004]. The pressure sensor consists of 150 
identical measurement cells.  

 

Figure 3.30: NASVA abdominal sensor for child dummi es [NASVA, 2005] 

By computing of the sensor readings the applied force can be calculated and assessed, Figure 3.31. 
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Figure 3.31: Example for sensor readings of NASVA s ensor [NASVA, 2005] 

For the development of a new born child dummy for the US, Wang et al. [Wang, 2005] proposed to 
instrument the abdomen with 5 FlexiForce sensors according to Figure 3.32, because of the limited 
space, which does not allow the assessment of VC. The used sensors are the same as used for the 
TUB abdominal sensor described above. 

 

Figure 3.32: Abdominal sensor for US new born dummy  [Wang, 2005] 

3.4. PREGNANT FEMALE  

Abdominal measurements in pregnant female dummies have two focuses. On the one hand 
abdominal injury risk of the mother and fetal injuries on the other hand. Viano et al. [Viano, 1996] 
developed a pregnancy insert for the 5th percentile female dummy. The insert consists of an artificial 
uterus filled with urethane gel and a fetal “dummy” with separate head and torso. Uterus and foetus 
are of size and weight of 28th to 32nd week of pregnancy. The assessment of injury risk is based on 
acceleration measurements of fetal head and torso. In addition the force through the uterus was 
measured at a reaction plate positioned behind the uterine insert. The relative movement of mother 
and child can be assessed by comparison of fetal and mother acceleration measurements. 

 

Figure 3.33: Early design concept for fetal placeme nt [Viano, 1996] 
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Different restraint conditions showed different results in fetal and female response that means that 
worse restraint conditions showed worse response [Viano, 1996].  

For the revision of the first maternal dummy insert (see above) Rupp et al. [Rupp, 2001] proposed to 
use a water filled bladder without any fetal dummy. The assessment of fetal injury severity bases on 
the internal pressure of the abdominal bladder. 

3.5. OTHER SENSOR TECHNOLOGIES 

The IR-TRACC (InfraRed Telescopic Rod for Assessment of Chest Deflection) was originally 
developed by General Motors for the assessment of chest deflection in a Hybrid III dummy. 

 

Figure 3.34: IR-TRACC [FTSS, 2003] 

After further developments of the IR-TRACC by FTSS it is for example proposed for THOR, World 
SID. In the THOR the abdominal compression can be measured by IR-TRACCs. 

Especially for the detection of pedestrian accidents a method which uses light losses in optical fibres 
caused by bending was developed [Scherf, 2003]. A glass fibre is normally wrapped with material, 
which reflects light waves to reduce the light losses. When this reflecting material is partially replaced 
by light absorbing material, the bending of the fibre result in loss of light, which can be measured, see 
Figure 3.35. 

 

Figure 3.35: Function of the fibre optical sensor s ystem [Scherf. 2003] 

By use of an appropriate amount of fibres, it is possible to calculate the deflection of the abdominal 
wall and to assess the location of compression. 

During the design phase for the reusable rate sensitive abdomen (see above) Rouhana et al. 
[Rouhana, 2001] investigated different approaches to assess abdominal loads, mainly compression 
measurement sensors. One approach is comparable with the fibre optical sensor described above. 
The light which passes a fibre optic cable depends on the bending of the cable. 

In addition Rouhana et al [Rouhana, 2001] reported the attempt to assess abdominal deformation by a 
3-d magnetic sensor. The sensor investigated by Johns Hopkins University uses three orthogonal 
electromagnetic coils. A fourth coil of cables can be tracked, when it moves within the magnetic field of 
the three first mentioned coils. 

Ultrasonic measurement was investigated with an immersible ultrasonic sensor developed by 
Sonometrics, which transmits a spherical wave front [Rouhana, 2001].  

Finally a force sensing array with a thin piezoelectric film developed by Ktech Corporation was tested 
[Rouhana, 2001]. This film is similar to the NASVA sensor described above. Based on discussions 
with NASVA it seems that the Ktech film is used for the NASVA sensor. 
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3.6. SENSORS FOR TESTS WITH VOLUNTEERS, ANIMALS AND PMHS 

Looking at sensor techniques for biomechanical tests it is necessary to distinguish between external 
measurements (impactor acceleration, displacement, force etc.; belt force, video analysis etc.) and 
internal measurements. With respect to this report only internal measurements are of interest. 

3.6.1. Acceleration 
Although internal acceleration seems not to be an appropriate injury criterion one may think of 
connecting accelerometers to abdominal organs because of the well known characteristics of 
accelerometers in crash testing. However, while using accelerometers in human or animal abdomen, 
one has to take into account that the fixture of the measurement device at the soft and flexible organ 
may lead to the measurement of the accelerometer acceleration, which might be different from the 
organ acceleration. Taking into account the poor correlation of injury severity with abdominal 
acceleration and the measurement problems, it is not appropriate to use accelerometers as abdominal 
sensors in biomechanical tests especially for the soft part of the abdomen. The use of accelerometers 
fixed at the lower rib cage offers some possibilities. 

3.6.2. Displacement 
The utilisation of a displacement measurement device for an abdominal sensor in biomechanical tests 
offers the possibility to assess relevant abdominal injury criteria (compression and VC). However, use 
of internal measurement devices causes much more problems than expected in dummy tests. The 
only possibility seems to be offered the chest band [Eppinger, 1989]. This steel band is instrumented 
with several strain gages, which allow the assessment of deformation of the band. With respect to the 
abdomen one has to bear in mind the relatively soft abdominal surface, which could lead to the 
measurement of the deformation of the stiffer chest band rather than of the abdomen. The usage of 
the chest band is possible without any problems for the upper part of the abdomen, which is protected 
by the rib cage. 

3.6.3. Intra Organic Pressure 
Based on literature review, the intra organic pressure was found not to correlate with injury severity, 
but it is likely that this result is caused by insufficient measurement techniques used in the past. From 
the theoretical point of view there could be a correlation. 

Portier et al. [Portier, 2004] presented a device for re-pressurisation of the arteries, which also enables 
the “blood pressure” measurement. The following Figure 3.36 shows a comparison of time history of 
the aortic pressure, shoulder belt force and sled acceleration of one test. It is evident that the aortic 
pressure is independent from the sled acceleration. The shoulder belt force serves as an indicator of 
the thorax loading. The shape of aortic pressure and shoulder belt force is comparable, thus indicating 
a good correlation of the aortic pressure and thorax loading. The later response of aortic pressure can 
be explained by the initial force needed to deform the rib cage. 

 

Figure 3.36: Time history of aortic pressure in com parison to sled acceleration and shoulder 
belt force [Portier, 2004] 
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This means that the intra-organic pressure measurement could be used for an abdominal sensor in 
cadaver tests. However, it is necessary to prove the usability by biomechanical tests. 
 

3.6.4. Abdominal Surface Force 
The measurement of abdominal surface force in biomechanical tests could be realised with foil force 
and or pressure transducers according to the TUB CHILD abdominal sensor or the NASVA sensor. 
Most of the disadvantages for these systems, as mentioned in chapter 4.3, are of less importance in 
the field of biomechanical research, as these are related to long term durability and handling effort. 
However, it is necessary to prove the usability by biomechanical tests. 
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4. Assessment of Sensors and Measurement Methods 

Based on requirements for the abdominal sensor and a re-evaluation of biomechanical tests the 
proposed and available abdominal sensors and measurement methods will be described. 

4.1. REQUIREMENTS FOR ABDOMINAL SENSORS 

The abdominal sensor should be able to cope with the following criteria and properties: 
·  Measurement of appropriate injury criteria 
·  Time history measurement 
·  Detection of location of load  
·  Ability to assess loads applied by lap and shoulder belt, steering wheel and airbag 
·  Reliable measurement in the sense of robust sensor and measurement results 
·  Applicable for existing dummies without major changes of the dummy 
·  No significant influence on dummy behaviour 
·  Low purchase and operation costs (easy calibration and long calibration intervals)  
·  Usable in normal crash conditions (no additional data acquisition or computing necessary) 

The requirements mentioned above are a maximum design goal. If it is not possible to achieve all 
requirements it is necessary to find a suitable compromise, which should take into account future 
development possibilities. 

4.2. REVIEW OF PROPOSED INJURY CRITERIA 

The most promising injury criteria are the abdominal compression, the viscous criterion and the 
applied force to the abdomen. Unfortunately in most of the frontal impact tests not all of the proposed 
injury criteria were assessed. Therefore the review has to be limited to a small number of tests. 

From the theoretical point of view it has to be mentioned that airbag induced loads show a high 
compression rate combined with a distributed low compression. This combination seems to be 
problematic for a reliable VC measurement as small measurement mistakes of the compression 
measurement lead to considerable mistakes when computing the velocity. In addition the compression 
criterion is not valid for high speed loads [Lau, 1986]. 

Concluding it can be noticed, that there is no major advantage of either of the proposed criteria. 
Depending on the data source they can be considered as more or less equal. Taking into account 
airbag deployment loading force is more promising than VC. 

4.3. ASSESSMENT OF MEASURING METHODS 

The assessment of the different measurement methods takes into account the requirements for the 
abdominal sensor described in chapter 4.1, the proposed properties and published analyses of the 
systems. 

The originally planned design of the EuroSID abdomen did not allow discriminating between different 
cars [Roberts, 1988]. There was just a go/no-go criterion intended. Although this might be suitable for 
legal testing it does not cover the needs for product development. Therefore there was a revision, 
which includes three force transducers at each side. The main critics to the EuroSID abdomen is that 
the force-compression characteristics and the load limit are based on tests with too low impact 
velocity, which does not consider real life lateral accidents. In addition the rigid drum, were the force 
transducers are mounted at, would not cope with the kinematics of car occupants in frontal crashes. 
These kinematics need a flexible lumbar spine.  

The devices proposed for the detection of submarining, as the frangible abdomen, APR transducer 
etc. do not cover the needs to assess steering wheel and airbag loads. 

The TADAS system (open steel band with strain gages) allows assessing belt and steering wheel 
loads. Because of the midsagittal vertical orientation of the steel band, it seems to be possible to 
measure loads from purely frontal impacts. For oblique impacts the maximum compression might not 
be located in the midsagittal plane, this would lead to incorrect measuring results unless more than 
one TADAS is used. Another disadvantage is the necessity of external computing of the strain gage 
measurement to assess the abdominal compression. In addition it seems to be problematic to assess 
distributed loads from airbag deployment, as the complete anterior part of the steel band might be 
displaced. 
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The THOR dummy’s capability to assess abdominal loads was assessed by Martinez et al. [Martinez, 
2001]. There were results published, which have to be mentioned in this context. The internal 
abdominal compression measurement does not correlate with external measurements, this means that 
the compression assessed by the THOR instrumentation is smaller than that assessed by external 
high-speed cameras. Due to the localised compression measurement, the results are sensitive to the 
location of the applied load [Martinez, 2001]. The sensitivity to the location of applied load is a general 
problem with any kind of localised compression measurement, e.g. by string potentiometers and IR-
TRACC. In combination with “abdominal ribs” as in the World-SID, there is a “coupling” of the applied 
surface with the sensor, which reduces the location sensitivity. 

The analysis of the change of the electrical resistance of the abdominal insert dependent on the 
abdominal compression proposed by Rouhana et al. [Rouhana, 2001] offers the possibility to reduce 
the location sensitivity as described above by multiple sensors. However, the system requires a 
special design of the abdominal insert, which does not allow using this system without change of the 
dummy. In addition it was mentioned that a change of the orientation of the electrodes caused by the 
impact alter the measured electrical resistance and so the measured compression [Rouhana, 2001]. It 
was felt to be possible to fix that problem by use of smaller or spherical electrodes. 

The pressure sensors, which measure the abdominal penetration via liquid filled bladders or tubes 
(e.g. [Melvin, 1986], [Czernakowski, 1987], [Biard, 1993] etc.) are working good for submarining 
detection. However, these sensors are sensitive to lumbar spine bending or acceleration [Rouhana, 
2001]. This is not a problem for high compression injury mechanisms but could be a considerable 
disadvantage for low compression loads with high velocity. In addition modifications of the dummy are 
necessary.  

The FlexiForce sensors used for the TUB force sensor array and the US 3.4 kg new born dummy in 
principle are able to cope with belt, steering wheel and airbag loads. They can be used for all kind of 
available dummies without changes of the dummy or dummy behaviour. The main disadvantage of 
these sensors is the relative bad behaviour concerning stability in the sense of electrical sensitivity. 
This means that after a short calibration period some of the recalibrated sensors changed their 
sensitivity by about 30 %. Taking into account, that normal sensors for crash testing are recalibrated 
once a year and that the sensitivity change is less than 1 % the durability of the sensors is not 
acceptable. In the moment there are discussions with Tekscan (manufacturer of the sensors) how to 
solve these problems. Another problem is the number of data channels needed to acquire the loads of 
the entire abdominal surface. This problem can be solved by internal data acquisition and electrical 
combination of sensors. 

Unfortunately the available data concerning the NASVA abdominal sensor do not allow assessing this 
system. Attempts to contact either NASVA themselves or other Japanese child safety organisations 
(e.g. TAKATA) did not improve this situation. In general it is felt, that the sensor needs an external 
data acquisition and computing because it seems not to be compatible with the traditional crash test 
equipment. 

The calculation of bending of fibre glass based on the light losses [Scherf, 2003], in principle allows a 
distributed assessment of abdominal compression. Because of the number of fibres a considerable 
influence on the dummy behaviour is possible. In addition there might be different requirements 
concerning accuracy for the use as abdominal sensor and use as a predictor of pedestrian impacts on 
a bumper. However, discussions with the manufacturer showed, that the fibres are sensitive against 
mechanical loads, especially deformation. Therefore it seems to be impossible to use this technology 
in the abdominal region because expected deformation in this area.  

The use of magnetic sensors could cause negative side effects to the electrical behaviour of the other 
dummy sensors and the corresponding wiring.   

The sound velocity in solid bodies depends on the density and E-module. A lower e-module causes 
lower sound velocity. The measurement frequency for sound wave distance measurement systems 
depends mainly on the time necessary between transmitting and receiving of the wave being 
influenced by wave velocity and distance. Dummy abdomen is often built of foam with low E-module. 
Taking into account, that a combined transmitter/receiver is “blind” for a specific period the 
measurement frequency seems to be the limiting factor of this method. In fact the sound wave velocity 
in foam material can be estimated around 800 m/s [Kryukov, 1994]. Taking into account a transmitting 
distance (lumbar spine – abdominal wall – lumbar spine) of about 0.3 m the measurement frequency 
must be lower than 2.6 kHz. This value does not consider neither emitter time duration nor “blind” time 
of the receiver. Therefore the maximum sampling rate will be much lower.  
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5. Proposal for a Measurement System for an Advance d Abdominal Sensor 

The assessment of the different measurement methods shows disadvantages of all investigated 
systems. Therefore it is necessary to define priorities for the requirements. The most important 
requirements are: 

·  Measurement of appropriate injury criteria 
·  Time history measurement 
·  Detection of location of load  
·  Ability to assess loads applied by lap and shoulder belt, steering wheel and airbag 
·  Applicable for existing dummies without major changes of the dummy 
·  No significant influence on dummy behaviour 

If the system shows the potential to meet the following requirements by sensor improvements, the 
following criteria will not be considered for available prototypes as first priority: 

·  Reliable measurement in the sense of robust sensor and measurement results 
·  Low purchase and operation costs (easy calibration and long calibration intervals)  

To be able to use the sensor in normal crash conditions, e.g. no additional data acquisition necessary, 
seems to be of low priority as in-dummy technologies are becoming cheaper and easier to handle. 
Therefore it is possible to use different in-dummy technologies. 

Based on the fact that it is necessary to assess the location of load and the risk to “miss” applied loads 
with localised measurement systems the following measurement systems are most promising: 

·  TUB abdominal sensor for Q-dummies  
All high priority requirements are fulfilled. The reliability problems detected in the first phase 
of the sensor development have been solved. However, considerable problems concerning 
the stability of the sensitivity still exist. It is felt that these problems can be solved in 
cooperation with the sensor manufacturer. 

·  NASVA abdominal sensor 
Unfortunately a final assessment of the sensor quality is not possible with the available 
information. It is planned to improve the contact to the user or the manufacturer of the 
sensor. 

The rate sensitive abdomen proposed by Rouhana [Rouhana, 2001] offers high potential for the 
measurement of abdominal loads. However, it requires considerable changes in the dummy design, 
which may cause a different dummy behaviour. Therefore the results achieved with this dummy 
cannot be compared with legal tests.  

Although the FlexiForce sensors as used for the TUB sensor and the US new born dummy do not 
perform optimal with respect to certification of the results, the measurement of surface load offers the 
best potential for the assessment of abdominal injury risk. 
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6. Conclusion 

Several sensor systems have been proposed for the assessment of abdominal loads. In addition 
measurement methods not being considered so far offer a potential to be used. Besides pure 
submarining sensors – as frangible abdomen, belt position sensors – different measurement systems 
for the assessment of abdominal loads in lateral impacts (lateral abdomen force for EuroSID and ES2 
and abdominal compression for World-SID) and frontal impacts (open steel band, electrical distance 
measurement, pressure and surface or reaction force measurements) were proposed. 

Taking into account that abdominal injuries could be caused by steering wheel, lap and shoulder belt 
as well as airbags it is necessary to develop a sensor which is able to cope with all of these loading 
cases. Due to high accuracy requirements concerning compression measurement in high speed 
loading cases with low compression (airbag) force measurement offers a principle advantage.  

The main requirements an abdominal sensor has to fulfil are, besides the measurement of an 
appropriate criterion, the possibility to assess the location of loads. Secondly the possibility to miss the 
sensitive area has to be as small as possible. In addition it is necessary to enable the use of the 
sensor system with different dummies without major changes of the dummy design. 

The measurement of the abdominal surface load offers best practise for the assessment of abdominal 
loads. Although the FlexiForce sensor, as used for the TUB abdominal sensor for Q-dummies and the 
US new born dummy, shows considerable disadvantages with respect to the usage of the sensor, it 
will be used for APROSYS. If this measurement technology shows good results, performance 
specification for an improved sensor can be defined. 
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