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ABSTRACT 

In case of a mine detonation under a vehicle the vertical impulse load will affect the 

occupants and especially their lower extremities. The MADYMO Human Body Model with facet 

leg (HBM) shows good potential for studying the leg loads. The goal is to develop a numerical 

injury assessment for the lower leg when subjected to a mine detonation under a vehicle. The bare 

footed model is validated according to recent PMHS test data. A shoe model is created for future 

more realistic applications. The injury assessment capabilities of the HBM and the Hybrid III 

numerical model are compared. 
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IN MILITARY OPERATIONS where landmines pose a threat, personnel safety is crucial. In 

peacekeeping and peace-enforcing operations occupant safety therefore has a high priority (HFM, 

2005). In case of a mine detonation under a vehicle the shock and the vertical global impulse load 

will affect the occupants and especially their lower extremities. Although lower leg injuries are 

not life-threatening, they frequently result in long-term impairment and ending of a military 

career. TNO Defence, Security and Safety participates in projects for the improvement of military 

vehicles. Data on real vehicle mine detonation accidents are limited, so numerical models are 

used for the assessment of lower leg injuries (Horst, 2005). The MADYMO Human Body Model 

with facet leg (HBM) shows good potential for studying the leg loads. 

The main goal of this study is to develop an injury assessment method for the numerical 

lower leg when subjected to a detonation of a mine under a vehicle. The HBM is validated against 

recent PMHS test data from Wayne State University (WSU) (Barbir, 2005). The standard HBM 

has no footwear, whereas in reality vehicle occupants wear shoes. Simulations and dummy tests 

show that the shoes affect the lower leg response significantly. Therefore shoes are added to the 

HBM. Parameter studies, by simulations, as well as experiments are performed to determine the 

shoe characteristics. 

 

INJURY MECHANISMS AND CRITERIA 

Anti-vehicle mine strikes produce a much higher (about 10 times higher), (pure) vertical 

pulse during a much shorter time period (< 10 ms vs. >100 ms) compared to car crashes. Pure 

vertical loading can lead to injuries in the main line of force, from the heel up to the knee. The 

calcaneus, talus, malleolus, distal tibia and fibula are the most vulnerable parts. The most frequent 

injuries for this type of loading are expected to be fractures in the foot/ankle complex, especially 

in the calcaneus [Medin 1998, Radonic 2004]. 

In peacekeeping and peace enforcing operations injury severities up to AIS2 are considered 

acceptable. For the mine detonation loading condition, injury criteria and tolerance levels have to 

be defined for low risk of AIS2 injuries, e.g. a simple tibia fracture. At this moment the Tibia 

Compression Force Criterion (TCFC) (Mertz, 1993) is used as the only injury criterion for the 

lower leg injury assessment in anti vehicle mine accidents by NATO (STANAG 4569). Therefore 
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the axial tibia force will be the most important factor for validation of the model. NATO/RTO 

Human Factors and Medicine Panel (HFM, 2005) defined a tolerance level of 5400 N (10% risk 

of AIS2) axial tibia force (TCFC). This tolerance level however is not completely evaluated yet 

by PMHS testing at very high loading severities such as anti-vehicle mine loading. Also when 

using a mechanical leg surrogate, it is questionable to apply this tolerance level (Manseau, 

2005b). 

 

METHOD 

Simulations are done using the 50th percentile male version of 

the MADYMO HBM with detailed leg. The skeleton of this model 

mainly consists of chains of rigid bodies connected by kinematic 

joints. The outer surface of the model is described by facet surfaces 

(meshes of shell-type massless contact elements). These facet 

surfaces are fully connected to the bodies. They allow a more 

accurate geometric representation and thus better contact behavior 

compared to ellipsoids. Although the facet surfaces are defined by 

FE elements, the facet model is still a multibody model (TNO, 

2005). The (facet) detailed leg contains bone structure, muscles and 

ligaments and realistically behaving ankle joints (Figure 1).  

 The HBM is positioned in a seated position on a chair that is rigidly connected to the 

surroundings. The feet are positioned by gravity on a footplate support for a stable position before 

impact. An impactor is modeled as a vertical moving plate which only contacts the feet (no 

interaction with the foot support occurs, so the impactor moves through the support). The input 

for the model is the (vertical) impactor displacement, which is fully prescribed by a time-

displacement curve. Figure 2 shows 60 ms of a simulation with respect to the starting position. 

The main loading process however takes place within the first 14 ms. The HBM features modeled 

loadcells at the lower, mid and upper tibia. For comparison of the HBM with the PMHS tests the 

output of the mid tibia loadcell is regarded, whereas for comparison with the Hybrid III (model) 

the lower tibia loadcell output is regarded. This is done because of the different loadcell locations 

in PMHS and the Hybrid III with Denton leg. 

  

 

VALIDATION 

PMHS test data from WSU are used (Barbir, 2005). 

When regarding the PMHS test data, the results show 

significant scatter. Scaling by mass of the test object 

(leg), as described by Cavanaugh (1986) did not reduce 

the scatter significantly enough to use an average 

response with corresponding standard deviation as a 

corridor. An envelope is used instead, i.e. the minimum 

and maximum values, for the validation of the model. 

The HBM output by the mid tibia loadcell is used, 

Fig. 2 – HBM Response with respect to Starting Position, which is Represented by Wireframe

Fig. 1 – Facet Leg Model

Fig. 3 – Model Response vs. 

PMHS Test Data (unbooted) 
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because the PMHS test loadcell was also positioned at mid tibia. Figure 3 shows the scaled axial 

(mid) tibia forces for 5 PMHS tests and the result of a HBM simulation for the same input load. 

The maximum axial tibia force and the loading duration of the model resemble those of the 

PMHS. However the loading rate (rise time) looks different. For the model it decreases towards 

the maximum tibia force. Some of PMHS also show a plateau in the unloading phase. The model 

shows a more fluent unloading behavior.    

Besides Fz (the axial tibia force) the forces in the other directions and the moments (Fx, Fy, 

Mx, My and Mz) are also measured during the PMHS testing. However, these test results are 

inconsistent (probably mainly because of the positioning of the foot with respect to the impactor) 

and are not used for validation of the model. 

 

SHOE MODELING 

Dummy tests and simulations show that shoes can affect the lower leg response significantly. 

Experiments show that for these loading conditions shoes reduce the peak axial tibia force by 

about 40% for the Hybrid III dummy. Manseau (2005a) also shows the influence of shoes on 

axial tibia loads. Therefore shoes have to be applied to the barefooted HBM for a correct injury 

assessment. The shoe model of the MADYMO facet Hybrid III Denton Dummy model is used. 

The existing shoe characteristics of this model can not be applied, because the HBM foot is 

different than the dummy foot. Therefore shoe testing was necessary to define a shoe 

characteristic for the HBM. Compression tests were done using the MTS 810 Elastomer Test 

System at Eindhoven University of Technology. The sole of a Dutch army boot was loaded by an 

indenter and a force-deformation curve has been obtained. From this a stress-strain characteristic 

is defined. The shoe model and the obtained characteristic are added to the HBM. Simulations 

show that the shoes reduce the peak axial tibia force by about 15% for the HBM. 

 

COMPARISON OF HBM WITH DUMMY MODELS 

The HBM shows far different results than the 

Hybrid III Dummy model. The HBM is less stiff than 

the MADYMO (Denton) Hybrid III Dummy model. 

When comparing the results of both models when 

subjected to the same input the peak axial lower tibia 

force of the HBM is about 70% less than that of Hybrid 

III model, for the unbooted situation. For the booted 

situation this peak force is about 60% less for the HBM 

(Figure 4). The foot geometry of the HBM is 

asymmetric, whereas the Hybrid III model contains a 

symmetric (ellipsoid) foot. Because of the different 

foot geometries, and thus different foot positioning, the 

tibia moments are very different for both models, i.e. 

the (maximum) values as well as the shape (not shown 

here). 

 

DISCUSSION 

The model response at higher loading conditions is even more important, because injury 

probably occurs at more severe loading (Barbir, 2005). Therefore validation at higher loading 

conditions is necessary. At the moment however the available input data from the PMHS tests is 

insufficient for a useful validation. Future PMHS tests at higher loading conditions are scheduled 

at WSU and this data will probably be better usable for validation, probably also in the injury 

region. In Germany the Test Rig for Occupant Safety Systems (TROSS) is used for tests at higher 

loading conditions using the Hybrid III dummy with Denton and Thor legs. Footplate 

Fig. 4 – Lower Tibia Responses            

Hybrid III Model and HBM 
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displacements that are measured at these conditions can be used as inputs for additional 

simulations. 

Besides tibia forces other parameters should also be validated (e.g. moments, ligament strains 

and ankle rotations), but this requires more detailed test results. These parameters could form 

indications for other types of injuries, e.g. soft tissue injuries. 

When injury risk curves and tolerance levels are obtained during those tests, the model can be 

used to predict the risk of injuries for an expected loading severity, i.e. the expected footplate 

deformation of a certain vehicle subjected to a mine detonation under a vehicle. 

In the future booted PMHS testing can be done. This data would be useful for validation of 

the booted HBM. The army boot geometry can be modeled more accurate as well as a more 

flexible foot geometry of the model. This will enhance the interaction between the foot/leg, the 

boot and the footplate. The model can be used to assess the influence of various leg orientations, 

caused by pedals or foot supports. 

 

CONCLUSION 

More data is needed for a good validation of the HBM at higher loading conditions. But the 

HBM seems a good model for the injury assessment of vehicle mine accidents when regarding 

the validated situation. An increase of the loading severity results in a trustworthy increase of the 

axial tibia loads. If the footplate deformation of a vehicle is known for a certain mine loading this 

can be used as the input for the model. The peak axial tibia force is calculated during the 

simulation and it can be used to predict injury for a certain input. Finally a critical footplate 

displacement can be defined that should be prevented by the vehicle construction and/or 

protection measures. 

Shoes influence the results more if the occupant model is stiffer. For the HBM the shoes 

decrease the peak load by about 15%, while a decrease of about 40% is obtained when adding 

shoes to the Hybrid III Denton Dummy (model). 

Compared to the Hybrid III model the HBM shows a different response. The HBM is more 

compliant and this results in lower tibia forces. Because of the differences in foot geometry the 

tibia moments are very different for both models. 
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