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COMPARATIVE ANALYSIS OF THE CYCLIST SAFETY PERFORMANCES YIELDED BY 
EXTERNAL AND HELMET AIRBAGS 
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Transilvania University of Brașov, Str. Politehnicii Nr. 1, 500024 BRASOV, Romania 
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Abstract: This study investigates in an experimental approach the passive safety performances of the most recent 
airbag technologies for cyclists: helmet airbags and vehicle-mounted external airbags. Two staged tests were 
performed under similar initial conditions and using the same vehicle: Test 1 (10.4 m/s vehicle impact velocity, 
dummy equipped with helmet airbag) and Test 2 (11.1 m/s vehicle impact velocity, vehicle equipped with external 
airbag). The performances of the passive safety systems are assessed by comparing the measured linear 
accelerations, HIC and NIC values, while also addressing the time of airbag deployment. Results show that helmet 
airbags offer higher protection in terms of injury reduction, but the deployment time is significantly higher than for 
external airbags. In the case of external airbags however, a significant potential in mitigating head injuries was 
identified, yet additional research is required in order to optimize airbag volume, inclination and deployment time. 
  
Key-Words: Helmet airbag. External airbag. Cyclist airbag. Cyclist safety. Cyclist impact. Safety performance 

  
NOMENCLATURE  
  
HIC : head injury criterion 
NIC : neck injury criterion, m2/s2   
a : resultant head acceleration, m/s2   
ax

T1 : T1 vertebra acceleration measured on the X axis, m/s2   
ax

H : head acceleration measured on the X axis, m/s2  
arel : relative acceleration between head and T1 vertebra, m/s2 

vrel : relative velocity between head and T1 vertebra, m/s 
 
1. INTRODUCTION    
  
Cyclists are the most vulnerable road users (VRU) after pedestrians, making cyclist safety an important 
concern among accidentologists. In 2010, 7.4% of EU road users acknowledged the bicycle as the main 
mode of transport [5]. During the 2012-2015 period, cyclist fatalities in EU made for 8% of all road 
fatalities, marking an increase comparing to the 7% rate recorded during the 2009-2011 period [6]. Maki 
[11] showed that 72% of cyclist fatalities and 21% of cyclist serious injuries are caused by head injuries. 
Similar findings by Otte [15] show that the frequency of AIS2+ head injuries is 26.7%. These studies offer 
a clear indicator that head injuries are the leading cause in cyclist fatalities, while also underlining the 
need for an increased level of protection for cyclists in order to mitigate traumatic brain injuries.  
Regarding cyclist head safety, traditional bicycle helmets made from expanded polystyrene represent the 
most widespread passive safety equipment for cyclists, and their role in reducing linear and angular 
accelerations, as well as impact forces, has been acknowledged in a series of studies 
[2][3][12][13][16][19]. However, new passive safety systems for cyclists have been developed in recent 
years by innovating airbag technologies, namely helmet airbags for cyclists and vehicle-mounted 
external airbags which are designed to improve the safety of pedestrians and other VRU. 
To this point, the cyclist safety potential of these airbag systems is not comprehensively determined. 

                                                 
*
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It has been shown through vertical and oblique drop tests [10][18] that helmet airbags perform better 
than traditional bicycle helmets, significantly reducing HIC values (to a maximum of 7-8 times if 
optimized) [10] and linear acceleration (nearly three times) [18].  
Furthermore, helmet airbags reduced rotational acceleration values minimum three times compared to 
MIPS helmets in most of the cases [18], which is notable taking into account that the latter are 
specifically designed to limit the angular acceleration of the head in comparison with conventional bicycle 
helmets. However, there is a need for further evaluation of helmet airbags [10] since there is no 
information in literature about the performance of helmet airbags in full-scale staged tests, therefore the 
potential of these types of safety systems in realistic vehicle-bicycle accident scenarios is still 
undetermined. 
Vehicle external airbags have been developed in recent years and integrated into advanced passive 
safety systems which include active bonnet systems. Kietlinsky [9] showed that the stand-alone 
performance of external airbags can be summarized in a 30 to 40% reduction in VRU injury values and 
an 80% reduction if coupled with autonomous emergency braking systems. Similar results were obtained 
by Frederiksson [7] for pedestrian AIS3+ injury reduction (48%). In a TNO study [17] it was shown that 
optimized external airbags can reduce HIC values for cyclists by more than 75%, if gas temperature and 
mass flow are increased. However, the safety potential of external airbags is influenced by vehicle 
geometry and they are less effective for larger vehicles (SUV, minivans, heavy vehicles) [9]. 
Furthermore, there are still numerous concerns regarding the de facto cyclist safety provided by external 
airbags and their optimization for this purpose, since the primary focus for assessing the safety 
performances of these types of systems was set on the pedestrian category.     
The first aim of this paper is to experimentally determine the passive safety performances of helmet 
airbags and external airbags in cyclist HIC and NIC reduction, thus investigating the proof of concept for 
these systems. The second aim is to compare the inflation performances of these technical solutions and 
to determine which one has a higher potential in mitigating cyclist injuries. 
  
2. THE WORKING PRINCIPLE OF EXTERNAL AND HELMET AIRBAGS 
  
2.1 Helmet airbags 
Helmet airbags are designed [1][14] to be worn on the neck similar to a scarf and comprise a lower 
airbag part, an upper airbag part, an inflator, a trigger and an external apparel. The two airbags are 
initially folded inside the apparel and connected to the inflator, which comprises a hybrid gas generator, 
a 3 Volt battery and a deflator. The trigger device is manually activated and comprises a micro sensor 
and auxiliary electronics which control the inflation conditions and prevent false positives. The 
deployment occurs after the acceleration on the X or Y axes reaches a certain threshold, while the 
accelerations measured on the Z axis are not taken into account for deployment. This feature was 
implemented by the manufacturer in order to prevent the deployment of the airbag in non-dangerous 
situations, such as running over potholes. Upon triggering, the lower airbag inflates first and surrounds 
the neck and the back of the head, while the upper airbag inflates afterwards and surrounds the crown of 
the skull, the temporal lobes and the forehead.  
  
2.2 External airbags 
External airbags are positioned below the common edge of the vehicle’s windscreen and bonnet and are 
designed to function in tandem with active hood systems, which decrease the rigidity of the bonnet in the 
proximity of the cowl and create space for airbag deployment. A contact sensor comprised of several 
accelerometers triggers the deployment after detecting a frontal bumper impact. Deployed external 
airbags take a U-shape and surround the lower-part of the windscreen and the A-pillars, in this way 
covering the stiffer areas which cause VRU injuries in impacts. Different versions of external airbags are 
available, the primary difference being the airbag volume and implicitly the area covered by the airbags. 
Consequently, external airbags can be pedestrian-only dedicated or VRU dedicated, the latter covering a 
wider area of the A-pillars.  
None of the current external airbag technologies offer protection against head impacts with the roof edge 
or the upper part of the windscreen, which are generated at higher WAD (wrap-around distance) values, 
as it is the case for most of the vehicle-bicycle accidents.    
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3. METHODS 
  
For this study two different experiments were carried out at approximately the same vehicle impact 
speed in order to allow comparability between helmet and external airbags in terms of injury probability 
reduction. An Opel Corsa vehicle, two bicycles and a dummy with anthropometric characteristics were 
used in the experiments. The dummy was instrumented with two tri-axial accelerometers mounted in the 
centers of mass of the head and the thorax. 
In Test 1, the cyclist dummy was equipped with an undeployed helmet airbag, which was manually 
activated before the test. The airbag inflated before the head impact with the vehicle and maintained a 
part of the initial air pressure during the head impact with the ground. 
In Test 2, the vehicle was equipped with a pedestrian dedicated external airbag connected to an 
improvised impact sensor comprised of an electrical contact positioned in the vehicle’s bumper, in the 
predicted contact area with the bicycle. The external airbag positioning on the vehicle was carried out 
inversely in an innovative manner by attaching the airbag to the roof of the vehicle, such that the airbag 
will cover the frontal edge of the roof upon inflation, the extremity of the windscreen and the upper parts 
of the A-pillars.   
Each crash-test was broken down into four distinct moments (figure 1) which mark the definitory phases 
of the collision and the phases of the cyclist’s kinematic motion:  
- The vehicle-bicycle impact (t0)  
- The vehicle-pelvis impact (t1) 
- The vehicle-head impact (t2) 
- Launch-off moment (t3)  
The initial impact between the vehicle and the bicycle was chosen as the starting point for our analysis 
(t0=0, figure 1.a.).  
 

 
 

Figure 1. Film sequences from the carried-out crash-tests 
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The acquired head and thorax accelerations were processed with a CFC 60 filter and used as input 
parameters to calculate HIC and NIC criteria values. 
HIC was first proposed in 1972 by NHTSA, in the present being one of the most used head injury criteria. 
The input parameter used to assess HIC values is the resultant head acceleration. Initially, the selected 
time interval used for HIC calculation was limited to maximum 36 ms (HIC 36), yet in 2000 it was 
decreased by NHTSA to 15 ms (HIC 15). 
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NIC was introduced in 1996 and it is currently used to evaluate neck injury probability by using head and 
T1 vertebra accelerations and velocities as input parameters.  
The selected time interval is comprised of 150 ms for which the maximum NIC value is determined. 
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For this study, in order to determine NIC values, the T1 vertebra acceleration was assimilated with the 
acceleration measured in the center of gravity of the dummy’s thorax. 
 
4. RESULTS AND DISCUSSION 
  
Vehicle impact velocity was determined as follows: 10.4 m/s for Test 1 and 11.1 m/s for Test 2.  
The head impact location was approximately in the same area for both tests, in the superior edge of the 
windscreen respectively (figure 1. c, figure 2).  
The wrap-around distance measured onto the vehicle’s frontal profile from ground level to the head 
impact location, suffered a variation of 30 mm.  
The similar head impact location and vehicle impact velocity obtained for each test constituted 
prerequisites for allowing the comparative analysis to be carried out.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Cyclist head impact location for each crash-test 
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Head and thorax accelerations acquired during the crash-tests were processed and used for assessing 
injury criteria values.  
The resultant cyclist head and thorax accelerations are shown in figures 3 and 4. Calculated HIC and 
NIC values, as well as the measured data afferent to each crash-test are presented in Table 1.  
The maximum head acceleration was nearly equal for both tests, 86.9 m/s2 for Test 1 and 85.8 m/s2 for 
Test 2. 
 

 
 

Figure 3. Cyclist thorax accelerations acquired during the crash-tests 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Cyclist head accelerations acquired during the crash-tests 
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Table 1  

Injury criteria values and measured data afferent to each crash-test 

Test no. 

Vehicle 
impact 
velocity 
[m/s] 

Pelvis 
impact 
time 
[ms] 

Head 
impact 
time 
[ms] 

WAD 
[mm) 

Maximum 
head 
acceleration 
[m/s2] 

HIC 15 HIC 36 
NIC 
[m2/s2]  

1 10.4 172 295 2220 86.9 268 167 41 
2 11.1 92 218 2250 85.8 498 325 61 

 
Regarding the injury reduction offered by each type of airbag, the helmet airbag decreased the HIC 15 
and HIC 36 values with 46% and the NIC value with 32% compared to the external airbag.  
For both crash-tests, NIC values exceeded the 15 m2/s2 threshold which constitutes the AIS-1 cervical 
injury tolerance, yet the HIC values did not exceed the threshold of 700 for neither test.  
As for the airbags’ inflation performance shown in Table 2, significant differences were determined within 
the video analysis procedure step.  
The deployment duration of the external airbag was approximately 20 ms, nearly half of the duration of 
the helmet airbag – 39 ms respectively.  
The start of the external airbag deployment was observed at 93 ms when the cyclist pelvis impact took 
place, and ended at 113 ms, respectively with 105 ms before the head impact took place.  
The debut of the helmet airbag deployment (263 ms) occurred after the pelvis impact.  
The deployment process ended at 302 ms, after the head impact took place.  
 

Table 2  
Airbag performance parameters 

Test no. Type of airbag  

Head 
impact 
time 
(ms) 

Airbag 
deployment 
debut time 
(ms) 

End of airbag 
deployment 
time           
(ms) 

Airbag 
deployment 
duration (ms) 

Time to 
impact 
(ms) 

1 Helmet airbag 295 263 302 39 -39 
2 External airbag 218 93 113 20 123 

 
The external airbag behaved better than the helmet airbag which was not deployed entirely at the time of 
the head impact.  
This is caused by the different types of inflation procedures for each airbag: the external airbag is 
deployed after the vehicle-bicycle impact is detected (at 0 ms), while the helmet airbag is deployed when 
the acceleration on the X and Y axes reaches the threshold imposed by the manufacturer, in this case 
following the pelvis impact (at 172 ms, 123 ms before the head impact).  
It has been determined that the late deployment of the helmet airbag was influenced by the longitudinal 
rear impact configuration, which generates a vertical motion for the cyclist between the vehicle-bicycle 
impact and the pelvis impact, undetectable by the airbag’s deployment system since it is a vertical 
motion on the Z axis.  
  
5. CONCLUSION   
  
As presented, significant differences were determined in the current comparative analysis between the 
behavior of the tested airbags, in terms of both injury reduction and inflation performance.  
The helmet airbag used in our study offered higher protection, in terms of both head and neck injury 
reduction with 46% and 32% respectively, but the deployment time was significantly higher than for the 
external airbag.  
A downside of helmet airbags is indicated in the case of rear collisions with higher vehicle impact 
velocities. If the head impact time is inferior to the airbag debut time, then the inflation of the airbag is 
practically useless since head injuries are already produced.  
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Therefore, it is questionable if helmet airbags can provide safety to cyclists in these situations.  
Additional studies and airbag inflation optimizations are required in order to make helmet airbags 
feasible for protecting cyclists at higher impact velocities. 
Although the external airbag used in our study, designed to cover the upper extremity of the windscreen, 
determined higher injury criteria values than the helmet airbag, the debut inflation time of 93 ms indicates 
a significant potential for external airbags in offering protection at higher impact velocities.  
Additional research is required in order to increase injury mitigation potential, by optimizing the 
inclination and deployment time, as well as the volume and the pressure of the airbag. 
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Abstract. The paper presents the thermal aspects of possibilities for using the Nano Encapsulated 
Phase Change Materials with the water as the base fluid as a cooling solution for high power light 
emitting diodes (LED). The approach used is based on the numerical modelling with control volume 
method as the theoretical background. The cooling device used in simulations is mini-channel heat sink 
with straight fluid flow channels. The results confirm the fact that Nano Encapsulated Phase Change 
Materials with the water as the base fluid, correlated with mini-channel heat sink, might be the suitable 
candidate for cooling of high power light emitting diodes (LED). 
 
Keywords: NEPCM, LED, cooling, numerical 
 
1 INTRODUCTION 
 
The cooling capabilities of Light Emitting Diodes (LED) might be improved with combine effect of 
microchannel heat sink and different nanofluids or PCM (phase change materials) slurries [1]. The 
issues associated with using Alumina nanofluid and n-Octadane NEPCM in double layer microchannel 
heat sink in laminar flow was analyzed by Rajabifar [2]. Sabbah et al [3] investigate numerically the heat 
transfer and fluid flow of Micro Encapsulated Phase Change Materials slurry in 3D microchannel heat 
sink. They have found that heat transfer coefficient increased significantly for heat flux of 100 and 500 
W/cm2. Kibria et al [4] and Jurkowska and Szczygiel presented review [5] on properties of NEPCM. 
Hu and Zhang [6] presented the numerical research on laminar heat transfer and fluid flow in tubes of 
micro encapsulated phase change materials slurry. The results revealed that classical relations for Nu 
are not appropriate for estimation of heat transfer coefficient. Royon and Guiffant [7] presented the 
analytical approach on NEPCM slurry heat transfer and fluid flow through tubes with constant heat flux 
as boundary condition. It was found that Re has marginal influence on results. 
Experimental research on heat transfer and fluid flow of NEPCM slurry through mini tubes was analyzed 
by Zhang and Ye [8] and Wu et al [9]. It is shown that homogeneous model is more appropriate for 
analyze. Moreover the heat transfer coefficient is two times greater than for base fluid.  
Ma et al [10] investigate the heat transfer and fluid flow of clathrate hydrate slurry in straight tubes.  
It was found that heat transfer coefficient was enhanced 300 % compared to water. Kozak et al [11] 
investigated numerically and experimentally the heat transfer and fluid flow of hybrid air – PCM heat 
sink. It is revealed that this type of cooling is appropriate if latent heat prevails. Following the actual 
status of research in this area, thermal performance of the microchannel heat sink is analyzed 
numerically with NEPCM (n-Octadecane) – water slurry used as the cooling fluid. Two different melting 
ranges are considered: 10 K and 15 K. The analysis is made on a constant pumping power basis. 
 
2 NUMERICAL DETAILS 
 
The thermal management system of Light Emitting Diodes is presented in Figure 1, consisting of 
microchannel heat sink with NEPCM-water slurry as the cooling liquid. 
The one-layer microchannel heat sink is presented in Figure 1.  
For symmetry consierations, the half cross-section of one channel is analyzed.  
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Figure 1. The LED cooling system 

 
The set of the Navier-Stokes equations is used for the conjugate laminar steady state heat transfer and 
fluid flow, as follows: 
The continuity equation:  
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The momentum equation: 
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Figure  2. The microchannel het sink used as cooling device 
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The energy equation (for both fluid and solid): 
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The conjugate heat transfer procedure, implies the continuity of the temperature and heat flux at the 
solid – liquid interface defined as, 
 
x = Wf/2:Ts|x+ = Tf|x-      (6) 
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Also at the inlet cross-section, uniform velocity and temperature field are considered: 
 
z = 0:u=uin and  
T=Tin      (10) 
 
The upper boundary is isolated defined as: 
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At the outlet of the microchannel the following boundary conditions are prescribed: 
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At the symmetry boundary: 
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The NEPCM – water static thermal conductivity [12]: 
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The effective thermal conductivity of the NEPCM – water slurry is defined as [13]: 
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The particle Peclet number is defined as: 
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The share rate is: 
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The constants B and m are obtained from: 
For Pep < 0.67   B = 3,   m = 1.5 
For 0.67 < Pep < 250   B = 1.8,  m = 0.18 
For Pep > 250   B = 3,   m = 1/11 
 
The effective viscosity of NEPCM – water slurry is defined as [14]: 
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The effective density is defined as: 
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The effective specific heat is calculated as: 
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The specific heat of the NEPCM particle is calculated from the sine profile [15]: 
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Relation between the volume and mass concentration of the nanoparticles might be obtained from: 
 

  
fpf

p

mc 






       (23) 

 
Re is defined as: 
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The pumping power is defined as [16]: 
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The solution procedure is based on the method used in [17] for microtubes and on the Finite Volume 
Method described in [18]. Alsok acts as ks for silicon wall and kf in the case of the water.  
At the fluid – solid interface k is calculated as the harmonic mean value.  
The velocity-pressure coupling is solved using a SIMPLER method.  
A staggered grid is used for cross-stream velocities with power-law discretization scheme. 
 
3 RESULTS AND DISCUSSION 
 
The scope of research was to make the appropriate performance evaluation of the microscale device 
using NEPCM-water slurry with different melting ranges and same particle diameter. Generally speaking 
there are two different base criteria that might be employed, the fixed pumping power and fixed Re. 
Besides the numerical results are presented in terms of maximum temperature of the substrate that 
might be used for evaluation of the thermal resistance. The numerical results are presented in Figure 3. 
Two different values for melting range are presented, ΔTm = 10 and 15 K. Moreover the results are 
compared with those obtained for Al2O3-water nanofluid for volume concentration of ρ = 2 % and 
particle diameter of dp = 20 nm. 
For the same pumping power Π = 1 W, the local temperature distribution along the substrate is lower in 
case of NEPCM-water slurry compared with water based Al2O3 nanofluid. Maximum temperature 
difference is up to 10 K. Moreover temperature difference between two ΔTm is negligible. 
 

 
 

Figure 3. The local wall temperature distribution 
 
4 CONCLUSIONS 
 
The research presented in the paper dealt with the heat transfer and fluid flow of microchannel heat sink 
using the NEPCM (n-Octadecane) – water slurry cooling medium.  
Considering that the melting range of phase change material has important impact on heat sink thermal 
performance, two different values are considered: 10 K and 15K.  
The results are compared with Al2O3 water based nanofluid in terms of constant pumping power basis.  
Two main conclusions can be emphasized through presented results: 
 The substrate temperature is lower for NEPCM-water slurry for both melting range differences 
considered in this paper; 
 Difference in term of local temperature distribution between the melting ranges is negligible. 
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Abstract: The main objective was to study the efficiency of airbag and seatbelt combination in a frontal 
collision between two passenger vehicles by the means of experimental crash tests. To do this, we 
conducted crash tests in a controlled environment and in the vehicles there were crash test dummies to 
simulate the human occupant. Two experimental crash tests were conducted at the velocity of 35 km/h, 
where 1 set of vehicles used passive safety systems and 1 set did not had these systems. The 
occupants of the vehicles were custom build crash test dummies that resemble an average male human 
and have close characteristics to the Hybrid III 50th percent male dummy. The dummy head acceleration 
was measured and the injury potential was calculated using the head injury criteria in both cases (with 
and without an airbag). We predict that by using passive safety systems, the injury potential to the 
occupants will be reduced and by measuring the head acceleration, we could calculate the head injury 
criteria (HIC) and estimate the probability of injury based on the HIC values.   
 
Key-Words: Passive safety, Crash-test, Airbag, Seatbelt, Dummy 
 
NOMENCLATURE 

 
HIC: Head Injury Criteria 
t1: initial time, s 
t2: final time, s 
a: acceleration, m/s2 
arez: resultant acceleration, m/s2 
ax: acceleration value on the X axis, m/s2 
ay: acceleration value on the Y axis, m/s2 
az: acceleration value on the Z axis, m/s2 
t: time, s 
  
1. INTRODUCTION  

 
Frontal collisions are considered deadly due to the fact that both vehicles are travel-ing in opposite 
directions cumulating the impact velocity [1]. This happens very often on highways or on 2 lane roads 
when a vehicle is engaged in a passing maneuver, not estimating the correct distance and unable to 
retreat in time, colliding with the opposing vehicle [2]. Since its introduction on passenger vehicles, seat 
belts has been very effective systems to protect the occupants in case of a collision. In Europe the 
stand-ard setup of the seat belt is the three point configuration, covering the lap and shoulder of the 
passengers [3][4][5]. It has been proven that the seatbelt will save the passenger’s life if it used, and not 
using it in the same circumstances will lead to death [6][7]. Along with the seatbelts, airbags have shown 
to have a good protection of the occupant head [8]. Huere has studied in a study that airbags can reduce 
head injuries by up to 82% for the 56-65 km/h range [9]. Using the airbag, it was demonstrated that in 
85% of cases, head injuries were classified as minor injuries [10]. In order to obtain a probability of injury 
for the study, the head injury criterion was used. 
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The head injury criterion can be presented by a parameter called HIC, defined by a mathematical 
formula. The HIC criterion is a way of assessing the risk of a cranial trauma injury as a result of an 
accident. It can be used to assess the consequences of traffic accidents, testing individual protection 
equipment or safety sports equipment [11]. 
The HIC criterion is the maximum standard value of the integral of the head acceleration. Depending on 
the interval for which it is calculated, the HIC criterion is: 
─ Unlimited - HIC; 
─ 36 ms maximum - HIC36; 
─ Maximum 15 ms - HIC15. 
The mathematical formula for determining the HIC criterion is [12][13]. 
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Where a is the resulting acceleration of the center of gravity of the head, measured in m/s2, and t1 and t2 
are the time interval (s) in which HIC has the maximum value. An important observation is that HIC is 
dimensionless. 
The Abbreviated Injury Scale (AIS) is a system for assessing the degree of injury of occupants involved 
in traffic accidents by expressing injuries in the form of categories numbered 1 to 6 depending on their 
severity, from minor injuries marked with 1 to serious lesions that can cause death, marked with 6 [14]. 
Based on a set of experiments a correlation was made between the value of the HIC and the AIS scale. 
Note that this correlation is based only on impact tests where head injuries have been analyzed. The 
correlation is presented in a graphical form [15]. 
 

 
 

Figure 1. Correlation between HIC and AIS scale 
 
In this study the kinematics of the occupant were analysed and the head-neck angles were measured 
during the collision. There are tolerances for the neck’s flexion and extensions phases. Arun determined 
the normal cervical motion interval for the following phases [16][17]: 
 Flexion - 80 to 90 degrees; 
 Extension - 70 degrees; 
 Side flexion - 20 to 45 degrees on both sides; 
 Rotation - 90 degrees of rotation in both directions. 
In order to calculate the HIC values, the resulting head acceleration values were needed. To obtain 
these values, the following formula was used [18][19]: 
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Where:  
arez – resultant acceleration; 
ax – acceleration values on the X axis; 
ay – acceleration values on the Y axis; 
az – acceleration values on the Z axis. 
 
2. METHODOLOGY 

 
The methodology used for the study of this paper consisted of conducting experimental tests involving 
frontal vehicle collisions with crash test dummies.  
A few objectives were set that resulted from the experimental tests. 
The following objectives were set: 
 Determination of collision dynamics - impact phase analysis; 
 Analysis of kinematic parameters during collision; 
 Determining the degree of injury to the occupants using the HIC injury criterion and correlating 
the values with the AIS severity scale. 
For this study, four vehicles were used, 2 were stationary with the crash test dummies inside and 2 were 
used as striking vehicles.  
The test scenarios are presented in figure 2. The collisions were filmed using high speed video cameras. 
Two cameras were used, a Casio Exilium, capable of capturing up to 500 FPS and a Fastech Hispec 5, 
capable of filming up to 1000 FPS.  
The video was used to analyze the kinematics and dynamics of the vehicles and occupant during the 
collision. 
 

 
 
Figure 2. Test scenarios used: Frontal collision without airbag (left) and frontal collision with airbag and 

pretentioned seatbelt (right) 
 
For the first test, the vehicle where the occupant was had no airbag, only the seatbelt, without 
pretentioning system. On the second test, the vehicle with the occupant was equipped with front airbag 
mounted in the steering wheel along with a pretentioning system for the seatbelt in order to secure the 
occupant during the collision.  
The kinematics of the vehicles during the collision is presented in figure 3. 
In the figure above there are 3 phases presented for both collisions.  
Phase 1 represents the pre-impact position of the vehicles, phase 2 is the collision phase where the 
energy is transferred and the occupant moves inside the vehicle and phase 3 is the post-impact phase in 
which the vehicles detach.  
On the second test (right) we can see the airbag completely deployed during the collision phase. 
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Figure 3. Accident kinematic of the two tests 
 
3. RESULTS 
 
The primary results of the study are presented in the next figures. The key parameter was the head 
acceleration values of the occupants. These values will help determine the injury potential of head.  
For the first test, where there wasn’t an airbag, the head acceleration is presented in figure 4. 
 

 
 

Figure 4. Acceleration values for the occupant’s head in the first test (without airbag) 
 
In the figure it can be observed that the peak maximum value of the acceleration was 220 m/s2 on the Z 
axis during the first 100 ms of the collision. On the Y axis, the maximum acceleration was 130 m/s2.  
In the next figure, the head acceleration values are presented for the second test where the vehicle had 
an airbag and seatbelt pretentioner. 
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Figure 5. Acceleration values for the occupant’s head in the second test (with airbag) 

 
In this test, it is observed that the maximum acceleration value was much lower compared to the first 
test. The maximum value was 80 m/s2 on the Z axis, during the first 150 ms. In this test, another peak 
value is seen of 62 m/s2, between 200 – 350 ms, caused by the occupant head hitting the headrest after 
the recoil from the airbag. In order to calculate the HIC 36 values for the two test, the acceleration 
resultant is required. So for the first test, the acceleration resultant is presented in figure 6. 
 

 
 

Figure 6. Acceleration resultant for the first test 
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By obtaining the resultant, the maximum acceleration value is 251 m/s2 for the first test during the first 
100 ms of the collision. For the second test, the acceleration re-sultant is also calculated. 
 

 
 

Figure 7. Acceleration resultant for the second test 
 
In this case, we can see the 2 peaks mentioned earlier, the first peak, with the value of 90 m/s2, during 
the first 150 ms, is cause by the initial collision and impact of the head with the airbag. The second peak, 
with the value of 82 m/s2, between 250 – 300 ms, is caused by the impact of the head with the headrest. 
After calculating the head acceleration of the occupant for both tests, the HIC values were calculated 
using the HIC formula with the time lapse of 36 ms.  
For the first test, the HIC calculation is presented in figure 8. 
 

 
 

Figure 8. HIC 36 calculation for the first test (without airbag) 
 
Using the HIC formula, the maximum value is presented below. 
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The maximum value was 75, which in this care is low, compared to the maximum tolerance of the human 
body of HIC = 1000 and classifies the injury as AIS-1 (minor injuries) on the AIS scale.  
For the second test, the HIC value diagram is presented below. 
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Figure 9. HIC 36 calculation for the second test (with airbag) 
 
Using the HIC formula, the maximum value is presented below. 
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In this case the value is also very low, of 7.7 and classifies the head injury potential as AIS-1 (minor 
injury) on the AIS scale. By summing up the results and correlating the HIC values with the AIS scale, 
the probability potential was obtained and presented in figure 10. 
 

 
 

Figure 10. Injury probability for the occupants 
 
In the first test, where there was no airbag, just the seatbelt, the occupant had a 25% probability of injury 
while in the second test where the airbag was activated, the injury potential was very low, of only 3%. 
The difference between the 2 tests is 22%, thus granting a reduction of 150% in injury probability. 
Also for this study, by using the high speed video recording, the occupant's movement was analyzed 
during impact. The angular displacement of the head relative to the chest was measured as well as the 
position of the thorax relative to the pelvis. The kinematics analysis phases were divided into 4 time 
periods. The times T0 and T3 respectively, represent the time of the first contact between the vehicles 
and the time of their detachment.  Moments T1 and T2 represent the intermediate times in which 
milestones are essential (start the occupant's movement, reaching the maximum angular displacement 
for the head or torso).  



RoJAE vol. 25 no. 2 /June 2019 ISSN 2457 – 5275 (Online, English) 
Romanian Journal of Automotive Engineering  ISSN 1842 – 4074 (Print, Online, Romanian) 
 

62 

In figure 11 the kinematic analysis for the first test is presented. 
 

 
 

Figure 11. Kinematic analysis of the occupant during the first test 
 
In the figure, at T1, the head of the occupant flexes forward due to the collision at an angle of 38 degrees 
relative to the torso and at T2 the maximum value of the head flexion is reached, with the value of 47 
degrees. When the vehicles detach at T3, the head returns to its initial position.  
These angles are considered normal and do not cause further injuries to the occupant. In the figure 
below, the kinematics for the second test are presented. 
 

 
 

Figure 12. Kinematic analysis of the occupant during the second test 
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In this case, at T1, the head – torso angle was 41 degrees, during the flexion of the neck, limited by the 
deployment of the airbag that causes a recoil of the head, generating an extension phase for the neck 
and an angle of 23 degrees as seen at T2. When the vehicles detach, the head returns to its original 
position. 
 
4. CONCLUSION 
 
From the results shown it can be concluded that in low speed impacts such as the ones presented, the 
passive safety systems can make a difference in reducing the injury potential of the head.  
Even though the injury potential calculated was minor, the tests demonstrate that the passive safety 
systems in today’s vehicles will reduce the severity level for the driver of the vehicle. 
The occupant movement in both tests showed similar angular values of the head (47 degrees and 42 
degrees respectively) during the neck flexion stage. This was cause by the seatbelt keeping the 
occupant in the seats and the head and neck flexed for-ward. 
Following the processing of the results from the frontal collision test (test 2) in which passive safety 
systems were used, it was found that the displacement of the head was limited by contact with the 
airbag. 
Head Injury Criteria (HIC) values for frontal collision tests (Test 1 and 2) showed that the risk of injury to 
the occupant was minor (AIS-1 code) with a 25% probability of injury in case of absence airbag.  
With passive systems present (airbag and pretensioning belt), the risk of lesion decreases to 3%. 
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Abstract. The paper presents the design optimization of a passenger car’s steering system for minimizing the 
Ackermann error and the turning radius during steering maneuvers. The virtual models of the suspension system 
and the steering system have been made using ADAMS/Car software. Both systems were configured based on a 
compact class passenger car. The positions of the spherical joint on the three axles of the lower control arm and 
the positions of the outer joint on the three axles of the steering tie rod were chosen as design variables. The 
objectives of the design optimization analysis were the Ackermann error and the turning radius, both to be 
minimized. By minimizing the Ackermann error, the front wheels will have less side slippage during cornering so the 
wear of the tire will be reduced. For urban passenger cars the turning radius of the car is an important factor for the 
car’s maneuverability so minimizing it is a positive aspect. For both the virtual models (initial and optimized) the 
Ackermann error and the turning radius variation were plotted. 

 
Keywords: Ackermann Error, Steering Analysis, Turn Radius 

 

1. INTRODUCTION 

 
The steering system of the vehicles is based on the Ackerman geometry, which involves pure rolling with 
no lateral slippage of the front wheels in cornering. The Ackerman condition for two-axle vehicles 
requires that the axes of the front wheels intersect with the axis of the rear wheels on the same point. 
Failure to comply with this condition, even at low speed, produces, in addition to wheels rolling, a lateral 
slippage of the front wheels.  
Zhou, Li and Yang [1] presented adesign optimization of the steering system to reduce the Ackerman 
error and the variation of the toe angle with parallel travel of the front wheels, using the coordinates of 
the spherical joints of the tierod as design variables. 
Sleesongsom and Bureerat [2] presented a multi-objective optimization of the steering system to reduce 
the Ackerman error and the turning radius using an evolutionary algorithm for numerical solving of the 
optimal problem. Various studies for the steering system were also carried out in [3][4][5][6][7][8][9].  
This paper presents the design optimization of the steering linkage to reduce the Ackerman error, 
respectively, the lateral slippage of the front wheels leading to additional tire wear, and the turning radius 
using ADAMS Car commercial software. 
 

2. ACKERMAN STEERING GEOMETRY 

 

When cornering, without lateral slippage, the center of the rigid wheel is always in its median plane. 
Whether the wheel centers are stationary in relation to the body, which can be considered rigid, means 
that the perpendiculars on median planes in these centers are intersecting in the center of the rotation 
[10].  Also, in the case of front wheels with spindle, where the wheel centers are not stationary in relation 
to the bodywork, the above property retains its validity [10]. For the case of a rigid wheels vehicle, their 
position when turning can be seen from the turning diagram shown in Figure 1.  
The instantaneous rotation center, marked with Cv, is located on the rear axle axis and represents the 
center of the car's turn.  

                                                 
*
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The steering angle of the steered wheels, denoted by θe for the outer wheel and θi for the inner wheel of 
the turn, are different. 
According to the scheme presented in Figure 1, for the two angles, the relations can be written: 

     (1) 
where 
- Rv represents the turning radius, Ep is the distance beetwen the left and right outer spherical joints of 
the lower control arm, measured in the transversal median plane of the wheels, and L is the vehicle’s 
wheelbase.  
Writing the difference between the two reversed equations it follows: 

      (2) 

 
Equation (2) is known as Ackermann's condition, required for the correct ride of the front rigid wheels. 
Ackerman error is the difference between the steer angle and the ideal steer angle for Ackerman 
geometry. Because Adams Car uses the inside wheel to compute the turn center, the Ackerman error for 
the inside wheel is zero. For a left turn, the left wheel is the inside wheel and the right wheel is the 
outside wheel. Conversely, for a right turn, the right wheel is the inside wheel and the left wheel is the 
outside wheel. Positive Ackerman error indicates the actual steer angle is greater than the ideal steer 
angle or the actual is steered more to the right [11]. For calculating the minimum radius kerb-to-kerb 
according to the mean turning radius, the scheme of the cornering car is shown in Figure 2. 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 1. Ackerman steering geometry       Figure 2. Scheme for calculating the kerb-to-kerb turning  
            radius according to the median turning radius 
 
The ADAMS Car program defines the turning radius of the vehicle, denoted in Figure 2 with Rtm=Rv, as 
the distance measured from the center of the turn to the longitudinal axis of the vehicle.  
The technical documentation of motor vehicles specifies the minimum turning radius kerb-to-kerb, 
denoted in Figure 2 with Rk.   
Between the two turning radius a relationship can be determined in relation to other design parameters.  
According to Figure 2, the following equations can be written: 

 
      (3) 
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      (4) 
 
where Ef represents the front track of the car, Ep is the distance between left and right spherical joints, B  
is the tire width, and X  is the distance from the spherical joint axis to the outer circle of the turn. 
From relations (3) and (4) we have the kerb-to-kerb turning radius, Rk, given by the relation: 

     (5) 
From eq. (1) the angle θe can be written as: 

      (6) 
 

Substituting the relation (6) in relation (5) results the expression of the kerb-to-kerb turning radiusRk, 
given by the relation: 

        (7) 
 

In order to determine the kerb-to-kerb turning radius, Rk, the corresponding values for the studied vehicle 
(BMW 328i)  were used in eq. (7) and the median turning radius was obtained using ADAMS Car’s 
steering analysis result. The values of these parameters are: Ep=1384 mm, Ef=1472 mm, B=205 mm, 
Rtm=Rv=3692.24 mm, L=2725 mm. With these values,the kerb-to-kerb turning radius is Rk=5308.6 mm. 
 
 
3.  VIRTUAL MODEL OF THE STEERING AND FRONT SUSPENSION SYSTEMS 

 
The virtual model of the steering and of the front suspension systems for the studied compact car has 
been made using ADAMS Car software.  
Starting with default templates of the MacPherson suspension and a rack-pinion steering system, both 
templates were modified to comply with the geometry of the real car, accordingly (figure 3). 
 

 
 

Figure 3. Virtual model of the steering and front suspension systems 

tierod outer joint 

lower control arm 
outer joint 
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The suspension parameters and some vehicle’s characteristics such as wheel base, sprung mass, mass 
center height, tires dimensions, the wheels’ mass were also set with corresponding values.  
This model is referred in this paper as “ini”-model. A steering analysis was made with a steering wheel 
rotation lock-to-lock of 3.4 rotations [12], and the variation of the Ackerman error and the turn radius 
were plotted (see Figure 4 for “ini”-model). The maximum value of Ackerman error was 3.99 deg. for the 
left wheel when the car is turning to the right and the left wheel is the outside wheel.  Because of the 
symmetry of the steering linkage the results of the steering analysis were plotted for the left wheel only. 
The minimum median turn radius, Rtm, as shown in Figure 2, can be depicted from Figure 5 and its value 
was 3692.24 mm, corresponding with a turn radius kern-to-kern of 5308.6 mm (10617.2 mm turn 
diameter), calculated with eq. (7). The turn circle can be found in dedicated technical websites [12] with a 
value of 10500 mm.  This is a variation of 1.12% which validate the virtual model. 
 
4. DESIGN OPTIMIZATION 

 
The aim of the design optimization was to find an optimal design solution of the steering system in order 
to minimize the Ackerman error and the turning radius of the vehicle so these were chosen as the 
objective functions of the optimization problem. The design variables were the X, Y and Z coordinates of 
the outer joints of the tie rod and of the lower control arm, see Figure 3. For each design variables a 
variation of ±20 mm from nominal position were defined as domain constraints. 
The design optimization of the initial model of the steering and front suspension systems has been made 
using ADAMS Insight with ADAMS Car. Adams Insight generates a design matrix according to 
specifications of the design type and the Box Behnken design was used with three levels [11].  
The Box Behnken design needed a total number of 54 trials. The investigation strategy (method) for 
creating the design matrix was chosen the response surface method. This method fits polynomials to the 
results of the trials of the experiments.  The polynomials were chosen to have a quadratic form. 
 
5. THE RESULTS 

 

After running all 54 trials, the optimal values of the design variables were found and the initial model was 
modified accordingly. This new model was named “opt”-model.  A new steering analysis was made for 
this optimal model, and the results are presented in Figure 4 and Figure 5. 
The Ackerman error had a maximum value of 3.99 deg. for the “ini”-model and this value was decreased 
to a maximum value of 2.28 deg. for the “opt”-model, which is 42.86% less (Figure 4).  
In Figure 4, the maximum value of the Ackerman error is obtained for the end-lock position of the 
steering wheel to the right (-612 deg.) when the left wheel is the outer wheel of the turn. 
 

 
 

Figure  4. Ackerman error variation for the left wheel for initial and optimal models. 
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The variation of the median turning radius for both initial and optimal models is represented in Figure 5 
for the left wheel, when the steering wheel is rotated from lock-to-lock positions. The maximum value of 
the median turn radius corresponds to the straight position of the steering wheel, and its value should be 
infinite. The minimum value of the median turning radius for the initial model was about 3692.2 mm for 
the right end-lock position of the steering wheel. This value was reduced to 3236.6 mm for the optimal 
model, which is a reduction with 12.34% of the median turn radius (which is Rtm in Figure 2). 
The optimal value of median turn radius corresponds to a value of the kerb-to-kerb turning radius of 
4927.7 mm, using eq. (7) (turning circle of 9855.3 mm).  
This optimal value is lower than the one from initial model with 6.14%. 
 

 

 
 

Figure 5. Variation of the median turn radius (Rtm); up: from lock-to-lock position of the steering wheel; 
down: detail for the right end-lock position of the steering wheel (-612 deg.) 

 
5. CONCLUSION 

 
Using a commercial software like ADAMS Car, the design engineers may evaluate the behavior of a 
vehicle even from design stage.  
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For a compact class vehicle, the steering system and the front suspension system were measured and a 
virtual model was built using ADAMS Car.  
Running a steering analysis for this initial model, the variation of Ackerman error and the variation of the 
median turning radius were plotted.  
The design optimization of the steering system involved the three coordinates of the spherical outer 
joints of the lower control arm and the tie rod as design variables and the optimal values of them lead to 
the optimal model.  
The Ackerman error was reduced with 42.86% and the kerb-to-kerb turning radius was also reduced with 
6.14% (approx. 0.65 m).  
Reducing the Ackerman error for a steering system the tire wear may be reduced as the side slippage of 
the steered wheels is reduced during cornering.  
For urban passenger cars, a reduced kerb-to-kerb turning radius leads to a greater maneuverability of 
the car especially in parking maneuvers. 
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The Scientific Journal of SIAR 
A Short History 

 
The engineering of vehicles represents the engine of the global development of the economy.  
SIAR tracks the progress of the automotive engineering in Romania by: the development of automotive 
engineering, the development of technologies, and road transport services; supporting the work of the haulers, 
supporting the technical inspection and of the garage; encouraging young people to have a career in the 
automotive engineering and road haulage; stimulation and coordination of activities that promote an environment 
that is suitable for continuous education and improving of knowledge of the engineers; active exchange of ideas 
and experience, in particular for students, master students, PhD students, and young engineers, and dissemination 
of knowledge in the field of automotive engineering; cooperation with other technical and scientific organizations, 
employers’ and socio-professional associations through organization of joint actions, of mutual interest.  
By the accession to FISITA (International Federation of Automotive Engineering Societies) since its 
establishment, SIAR has been involved in achieving an overall professional community that is homogeneous in 
competence and performance, interactive, dynamic, and competitive at the same time, oriented towards a 
balanced and friendly relationship between people and the environment; this action will be constituted as a 
challenge worthy of effort and recognition.  
The insurance of a favorable framework for the initiation and the development of cooperation of the specialists in 
this field of activity allows for an efficient and easy exchange of information, specific knowledge and experience; 
it supports the cooperation between universities and between research centers and industry; it speeds up the 
process of implementing the new technologies, it  simplifies the identification of training and specialization needs 
of the personnel involved in the engineering of motor vehicles, transport, and road safety.  
In order to succeed, ever since its founding, SIAR has considered that the stress should be put on the 
production and distribution, at national and international level, of a publication of scientific quality. 
 
Under these circumstances, the development of the scientific magazine of SIAR had the following evolution: 
1. RIA –  Revista inginerilor de automobile (in English: Journal of Automotive Engineers) 
ISSN 1222 – 5142 
Period of publication: 1990 – 2000 Format: print, Romanian 

Frequency: Quarterly Electronic publication on: www.ro-jae.ro 

Total number of issues: 30 Type: Open Access 

The above constitutes series nr. 1 of SIAR scientific magazine. 

 
2. Ingineria automobilului (in English: Automotive Engineering) 
ISSN 1842 – 4074  

Period of publication: as of 2006 Format: print and online, Romanian 

Frequency: Quarterly Electronic publication on: www.ingineria-automobilului.ro 

Total number of issues: 51 

(including the June 2019 issue) 

Type: Open Access 

The above constitutes series nr. 2 of SIAR scientific magazine (Romanian version). 

 
3. Ingineria automobilului (in English: Automotive Engineering) 
ISSN 2284 – 5690  

Period of publication: 2011 – 2014 Format: online, English 

Frequency: Quarterly Electronic publication on: www.ingineria-automobilului.ro 

Total number of issues: 16  

(including the December 2014 issue) 

Type: Open Access 

The above constitutes series nr. 3 of SIAR scientific magazine (English version). 

 
4. Romanian Journal of Automotive Engineering 
ISSN 2457 – 5275  

Period of publication: from 2015 Format: online, English 

Frequency: Quarterly Electronic publication on: www.ro-jae.ro 

Total number of issues: 18 (June  2019) Type: Open Access 

The above constitutes series nr. 4 of SIAR scientific magazine (English version). 

 
Summary – on June 30, 2019 
Total of series:   4 
Total years of publication: 25 (11: 1990 – 2000; 14: 2006 – 2019) 
Publication frequency: Quarterly  
Total issues published: 81 (Romanian), out of which, the last 34 were also published in English 


