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TRIGGO is one of the first vehicles to effectively combine the manoeuvrability and parking advantages of two-

wheelers with the safety and comfort features comparable to those of small passenger cars. It is intended for use in  
a short-term rental network and should be characterised by low energy consumption. To this end, it is reasonable to 
optimise the vehicle's design towards minimising weight. The use of composites in the TRIGGO body structure enabled 
a reduction in the ready-to-drive vehicle weight and optimal utilisation of the available space. This choice makes it 
possible to keep the body weight low while ensuring appropriate mechanical properties. The subject of this paper is 
numerical analyses of the strength and stiffness of the TRIGGO light vehicle body made of glass-epoxy composites. 
The scope of the work includes the construction of a computational model of the TRIGGO vehicle body made by the 
RTM method with a double skin and foam core, in addition to calculations of the stiffness and strength of the structure 
during body load tests. For this purpose, an FEM computational model was built based on the 3D body model. The 
body of the RTM version of the TRIGGO vehicle consists of 27 separate components, which are connected to each 
other by rigid bonded contacts. The composite structures with foam cores were modelled as single-layer shell elements 
including all the layers of the composite, and a foam spacer. Three design cases were developed: P1.1 – vertical-trans-
verse body loading, P1.2 – vertical-longitudinal body loading, P1.3 – vertical-longitudinal body loading with a horizon-
tal force component. The calculation cases were determined based on "Regulation (EU) No 168/2013 of the European 
Parliament and of the Council with regard to requirements for the functional safety of vehicles for the approval of 
two- or three-wheel vehicles and quadricycles", in particular Annex XI of this document. The calculations prove that 
the glass-epoxy body of the TRIGGO light vehicle meets the requirements for strength and stiffness.   
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INTRODUCTION 
 

The problem of modern cities is pollution and 
traffic jams generated by the constantly increasing 
number of cars. A greater number of cars in city cen-
tres, combined with a constant (or even decreasing) 
number of parking spaces, has made it necessary for 
local authorities to change their approach to the or

ganisation of traffic. The use of public transport, 
taxis or short-term vehicle rental (carsharing) is 
strongly promoted. At the same time, the creation of 
clean transport zones limits the possibility of enter-
ing city centres for older, less environmentally 
friendly vehicles.  
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The TRIGGO project is an attempt to address 
the above problems. TRIGGO is one of the first ve-
hicles to effectively combine the manoeuvrability 
and parking advantages of two-wheelers with the 
safety and comfort features comparable to those of 
small passenger cars. Its capabilities are ensured by 
the patented design of the suspension with variable 
geometry. 

The regulations for light vehicles in the L7e cat-
egory, which include the TRIGGO vehicle, limit the 
weight of a ready-to-drive vehicle (excluding batter-
ies) to 450 kg for the passenger subcategory and 600 
kg for the cargo subcategory (Regulation (EU) No 
168/2013, Annex I [1]). These limitations influenced 
the decision to use composites as the main construc-
tion material for the TRIGGO body. This choice 
makes it possible to keep the body weight low while 
ensuring the appropriate mechanical properties 
(strength and rigidity) [2]. 

The use of composites in the structure also ena-
bled optimal utilisation of the available space. The 
passenger seat and safety belt anchorages have been 
integrated into the rear wall of the vehicle body. To 
ensure the safety of the vehicle occupants, it was 
also assumed that the structure should meet the op-
tional requirements for a roll-overprotective struc-
ture (ROPS) (Commission Delegated Regulation 
(EU) Regulation No 3/2014, Annex XI [3]). 

In the initial phase of vehicle production, glass-
epoxy composites (GFRP) were used to construct 
the semi-monocoque body. A.S.SET single-compo-
nent powder epoxy resin was employed for selected 
body parts [4]. For further production, it was 
planned to modify the body structure from a semi-
monocoque to a monocoque design with a foam 
core, suitable for production using resin transfer 
moulding (RTM) technology. 

Based on these assumptions, numerical analyses 
of two structural versions (semi-monocoque and 
monocoque) of the vehicle body were conducted. 
These analyses included calculations of the strength 
and stiffness during tests of the protective structure 
(ROPS) and calculations of the safety belt anchorages 

for the integrated passenger seat and driver's seat an-
chorages based on knowledge presented in [5-7].  

The TRIGGO electric car, intended for use in  
a short-term rental network, should be characterised 
by low energy consumption. To this end, it is rea-
sonable to optimise the vehicle's design towards 
minimising weight while maintaining active and 
passive safety features as well as utility values  
[8, 9]. The experience gained to date allows us to 
assume that the use of a similar design route will 
make it possible to significantly reduce the weight 
of the vehicle while maintaining its functional char-
acteristics. To this end, it seems appropriate to carry 
out an analysis of the structural materials and pro-
duction technologies available on the market to de-
velop an optimum solution, which will meet the cri-
teria of low weight, high strength and stiffness, ease 
of manufacturing the finished products, costs and 
environmental impact. This analysis should answer 
the question of whether the use of polymer compo-
sites would be justified in this case, or whether other 
alternative solutions should be favoured (e.g. light 
metal alloys, a combination of polymer composites 
and metal, the use of 3D printing or other solutions). 
Once the technology has been chosen, it is necessary 
to carry out in-depth optimisation of the design to-
wards the appropriate use of composite materials by 
means of finite element method (FEM) analysis 
[10]. Due to the small size of the TRIGGO vehicle, 
there is no room for typical crumple zones, which 
need to be replaced with innovative elements capa-
ble of absorbing energy without an excessive in-
crease in the vehicle's own weight [11]. 

The subject of this paper is numerical analyses 
of the strength and stiffness of the TRIGGO light ve-
hicle body made of glass-epoxy composites. The 
scope of work includes the construction of a compu-
tational model of the TRIGGO vehicle body made 
by the RTM method with a double skin and foam 
core, in addition to calculations of the stiffness  
and strength of the structure during body load tests.  
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MATERIALS 

The numerical calculations included 3 types of 
material:  

1. Glass-epoxy laminate – a composite with lay-
ers of fabric arranged alternately every 45° or 60° to 
produce an isotropic structure, with combined thick-
nesses of 3 to 10 mm.  

2. PVC foam – a foam core filling the spaces be-
tween the two layers of composite. It is present in 
the following components: the floor, left wall, right 
wall, back wall and in the two top connectors.  

3. 2 mm thick S355 steel sections. Designed to 
be used in following components: rails for securing 
the driver's seat and a frame in the front section for 
securing components, the dashboard.  

The material data for the calculation of the glass-
epoxy laminate was obtained from previously con-
ducted static tensile tests. Based on these, the prop-
erties of a single layer of glass-epoxy composite 
were developed, as shown in Table 1.  

The designed laminate body consists of 3 layers 
of glass fabric of varying thicknesses with 0/90° fi-
bre orientation in an epoxy matrix. A plot of Young's 
and Kirchhoff's modules for a single layer of the 
composite as a function of fibre direction is shown 
in Figure 1. Each fabric layer in the laminate is ar-
ranged at a 60° angle to its neighbour, resulting in a 
material with an approximate isotropic stiffness, as 
shown in Figure 2.  

TABLE 1. Material data of single layer of glass-epoxy com-
posite used for TRIGGO body 

Parameter Value 
Density ρ [kg/m3]  1900 
Young's modulus [MPa] E11 13900 

E22 4100 
Kirchhoff modulus G12 [MPa] 1470 
Poisson's ratio ν12 0.13 

 

Fig. 1. Young's and Kirchhoff’s modules as a function of fibre direc-
tion for single layer of glass fabric 

 

Fig. 2. Young's and Kirchhoff's modules as a function of fibre direc-
tion for laminate with 3 fabric layers 

To model the poly(vinyl chloride) foam (PVC), 
which forms the core of the composite parts de-
scribed earlier, an elastic material model with the 
properties specified in Table 2 was adopted.  
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TABLE 2. Material data for PVC foam 

Parameter  Value  
Density ρ [kg/m3] 115  
Young's modulus E [MPa]  1000  
Poisson's ratio ν  0.3  

For the steel components made of S355 steel, a bi-
linear material model was used with the parameters 
given in Table 3.  

TABLE 3. Material data for S355 steel 

Parameter  Value  
Density ρ [kg/m3] 7850  
Young's modulus E [MPa]  200000  
Poisson's ratio ν  0.3  
Yield stress Re [MPa]  355  
Tangent modulus (consolidation) ET 
[MPa]  

860  

COMPUTATIONAL MODEL  

ANSYS™ software was used for the FEM simu-
lation studies. The FEM computational model shown 
in Figure 4 was built based on the 3D body model 
(Figure 1). The body of the RTM version of the 
TRIGGO vehicle consists of 27 separate components, 
which were connected to each other by rigid bonded 
contacts. The FE computational model was built using 
2D shell elements (201,351 elements), and 3D solid 
elements (the foam core). The total number of ele-
ments in the model is 303,161, including 201,351 
shell elements and 101,810 solid elements.  

Composite structures with foam cores can be 
modelled as single-layer shell elements including all 
the layers of the composite, and a foam spacer [11]. 
Due to the complex geometry of this model and the 

varying thickness of the foam cores, it was decided 
to model the foam cores as solid elements and 
bonded to the outer layers of the surrounding com-
posite using “Bonded contact”.  

 
Fig. 3. FEM computational model of TRIGGO body made with RTM 

technology 

The boundary conditions in the model were 
adopted to represent as faithfully as possible the ac-
tual fastening of the body to the vehicle frame. It was 
assumed that the body would be fastened to the 
frame by means of eight springs distributed as 
shown in Figure 4. The stiffnesses of these springs 
are given in Table 4. The fastening of the springs to 
the floor is carried out by means of rigid connectors 
connecting the upper and lower layers of the floor. 
The nodes to which the rigid connectors are applied 
are located at the radius of r=44mm from the springs 
(reinforcement area at the fastening points).  

Rigid connectors between the plating layers 
were also used at the fastening points of the rear seat 
belt and at the fastening points of the front seat 
guides to the floor. The nodes to which the rigid con-
nectors are applied are located at the radius of r=15.5 
mm from these points 
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Fig. 4. TRIGGO composite body with body-to-floor fastening points 

TABLE 4. Spring stiffnesses at body fastening points 

Parameter Fastening point number 
1 2 3 4 

kx [N/mm]  120000  5000  12000  337000  
ky [N/mm]  42500  100000  370000  15000  
kz [N/mm]  10000  4000  13000  000  

The design cases are defined based on [3] and, 
in particular Annex XI of that document. Annex XI 
describes the requirements for vehicles of category 
L7e-B2, which must be fitted with a roll-over pro-
tection structure (ROPS), as well as designed and 
constructed to meet the essential purpose of this An-
nex. This condition is deemed to be fulfilled if the 
provisions of paragraphs 2 to 4.9 are met, the pro-
tective structure does not enter the zone of clear-
ance, and no part of the zone of clearance extends 
beyond the limits of the protective structure during 
the three tests.  

Based on Annex XI of the Regulation [3], 3 de-
sign cases were developed:  

P1.1 – vertical-transverse body loading.  
P1.2 – vertical-longitudinal body loading.  
P1.3 – vertical-longitudinal body loading with  

a horizontal force component.  

The boundary conditions for all the design cases 
were the same as described above. 

RESULTS 

Vertical-transverse body loading (P1.1) consists 
of crushing the structure protecting the vehicle 
(roof) in the vertical direction, by a 150 mm wide 
rigid beam positioned transverse to the vehicle axis. 
The point of application of the beam is 300 mm in 
front of the R point of the driver's seat. In accord-
ance with Section 3.1.2.5 of Annex XI [3], the crush-
ing beam is applied in such a way that the load is 
evenly distributed horizontally (Figure 5). The cal-
culation model for case P1.1 is shown in Figure 6. 
The test was carried out until the reaction force on 
the beam corresponding to double the weight of the 
vehicle, equal to Fz=11000 N, was reached. 

1 2 3 4 
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Fig. 5. Crushing beam placement for vertical-transverse loading – 
P1.1 

 

Fig. 6. Design model for vertical-transverse loading – P1.1 

The simulation results in the form of displacement 
maps of the structure are shown in Figures 7-10. The 
maximum total displacements for the P1.1 load case 
occur at the contact points between the body and the 
crushing beam and are 12 mm (Figure 7). At the same 
time, maximum vertical displacements of 8.7 mm to-
wards the underside of the vehicle occur at this loca-
tion (Figure 8). The maximum longitudinal displace-
ment is 8.5 mm towards the rear of the vehicle (Figure 
9). The maximum transverse displacement is 4.5 mm 
and is shown in Figure 10.  

 
Fig. 7. Resultant displacements – case P1.1 

 

Fig. 8. Vertical displacements (Z axis) – case P1.1 (displacement 
scale x5) 

 

Fig. 9. Longitudinal displacements (X axis) – case P1.1 (displace-
ment scale x5) 

 

Fig. 10. Transverse displacements (Y axis) – case P1.1 (displacement 
scale x10) 

Maps of normal stresses in the principal fibre di-
rections for the entire laminate cross-section (double-
sided display for the outer top and inner bottom lay-
ers) are shown in Figures 11-13. The maximum tensile 
stress is 49 MPa, while the compressive stress is  
76 MPa and they occur in the top cross-section of the 
right side of the vehicle near the 'B-pillar'. 



44    Ł. Stachowicz, A. Boczkowska, R. Budweil 
 

Composites Theory and Practice 25:1 (2025) All rights reserved 
 

Figures 14 and 15 present shear stress maps in 
the fibre plane. The maximum value of these stresses 
is 39 MPa and it occurs in the right 'B-pillar'. The 
normal and shear stresses in the laminate do not ex-
ceed the strength limits of the material. The reduced 
stresses in the steel frame reach a maximum value 
of 58 MPa and is within the elastic working range of 
the material (Figure 16). 

 
Figure 11. Normal stresses in 0˚ fibre direction – case P1.1 

 
Fig. 12. Normal stresses in direction perpendicular to 0˚ fibre direc-

tion – case P1.1 

 
Fig. 13. Normal stresses in direction perpendicular to the 0˚ fibre – 

stress concentrations on right front pillar – case P1.1 

 
Fig. 14. Shear stresses in plane of main material axes – case P1.1 

 
Fig. 15. Shear stresses in plane of main material axes – view of con-

nection between right B-pillar and top crossbar – case P1.1 

 
Fig. 16. Reduced stresses in steel front frame – case P1.1 

Figure 17 shows the measured distances be-
tween the driver and passenger models and the sur-
face of the deformed vehicle roof. The values of 
these distances in the undeformed state are 53.5 mm 
for the driver and 89.2 mm for the passenger. In the 
deformed state, these distances decrease to 47.6 mm 
for the driver and 85.1 mm for the passenger, repre-
senting a reduction in ground clearance of 5.9 mm 
and 4.1 mm, respectively.  
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Fig. 17. Free space zone measurement (yellow line) – case P1.1 

Figures 18-21 display the realisation of the sub-
sequent loading cases, i.e. P1.2 – vertical-longitudi-
nal body loading and P1.3 – vertical-longitudinal 
body loading with a horizontal force component, re-
spectively.  

Loading P1.2 consists of crushing the structure 
protecting the vehicle (roof) in the vertical direction 
by means of a rigid beam 150 mm wide positioned 
longitudinally to the vehicle axis. The point of ap-
plication of the beam is located at a distance equal 
to one-sixth of the overall width of the upper third 
of the structure. In accordance with Section 3.1.2.5  
of Annex XI [3], the crushing beam is applied so that 
the load is evenly distributed horizontally (Figure 
18). The calculations were carried out for the case 
where the crushing beam was located on the left side 
of the vehicle. This is because the body structure is 
'weakened' at this location by the door opening, and 
is therefore the more unfavourable case. The calcu-
lation model for this case is shown in Figure 19. The 
test was carried out until the reaction force on the 
beam corresponding to double the weight of the ve-
hicle, equal to Fz=11,000 N, was reached. 

 
Fig. 18. Crushing beam position for vertical-longitudinal loading – 

P1.2 

 

Fig. 19. Vertical-longitudinal loading design model – P1.2 

Loading P1.3, on the other hand, consists in 
crushing the structure protecting the vehicle (roof) 
in the vertical direction with prior displacement of 
the structure in the horizontal direction. The crush-
ing element consists of a 150 mm wide rigid beam 
positioned longitudinally to the vehicle axis. The 
point of application of the vertical crushing beam is 
at the same location as for loading P1.2, while the 
point of application of the horizontal crushing beam 
is at the edge of the vehicle roof. In accordance with 
Section 3.1.2.5 of Annex XI [3], the crushing beams 
are applied so that the load is uniformly distributed 
horizontally (Figure 20). The calculation model for 
this case is shown in Figure 21. The test was carried 
out in such a way that first a force of Fy=2,750 N 
(0.5 x vehicle weight) was applied to the horizontal 
crushing beam and then, after deformation of the 
structure, a force of Fz=5,500 N (0.5 x Fzmax, 
where Fzmax is the vertical force value from case 
P1.2) was applied to the vertical crushing beam. 

 

Fig. 20. Position of crushing beams for vertical-longitudinal loading 
with horizontal force component – P1.3 
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Fig. 21. Vertical-longitudinal loading with horizontal force compo-
nent design model – P1.3 

The FEA calculations for cases P1.2 and P1.3 
were carried out in the same way as for case P1.1, 
considering the respective loading method. The 
maximum total displacement for the P1.2 load case 
occur at the contact points between the body and the 
crushing beam and is 15.5 mm. At the same time, 
there is a maximum vertical displacement of 12.8 
mm towards the underside of the vehicle. The max-
imum longitudinal displacement is 6.9 mm towards 
the rear of the vehicle. Deformation can be observed 
in the C-pillar, which takes most of the load from the 
crushing beam. The maximum transverse displace-
ment is 8.2 mm towards the right side of the vehicle 
(Figure 22). 

 
Fig. 22. Transverse displacements (Y axis) – case P1.2 (displacement 

scale x5) 

The determined maximum tensile stress for case 
P1.2 is 108 MPa, which occurs in the left upper bar 
at the junction with the C-pillar. The maximum com-
pressive stress is 115 MPa and it occurs in the left 
C-pillar. The maximum shear stress is 52.1 MPa, oc-
curring in the left C-pillar. The normal and shear 

stresses in the laminate do not exceed the strength-
limits of the material. The reduced stresses in the 
steel frame reach a maximum value of 53 MPa and 
are within the elastic working range of the material. 

Analogous to case P1.2, the distances between 
the driver and passenger models and the surface of 
the deformed vehicle roof were also measured in this 
case. The values of these distances in the unde 
formed state are 53.5 mm for the driver and 89.2 mm 
for the passenger. In the deformed state, these  
distances decrease to 47.1 mm for the driver and 
83.7 mm for the passenger, which means a reduction 
in ground clearance of 6.4 mm and 5.5 mm respec-
tively. 

For case P1.3, the maximum total displacement 
occurs at the body-crushing beam interface and it is 
14.5 mm. At the same time, there is a maximum ver-
tical displacement of 7.2 mm towards the underside 
of the vehicle. The maximum longitudinal displace-
ment is 3.3 mm towards the rear of the vehicle. The 
maximum transverse displacement is 14.5 mm, orig-
inating from the force induced by the side beam and 
directed towards the right side of the vehicle.  

The maximum tensile stress for case P1.3 is  
69.3 MPa, which occurs in the left upper crossbar at 
the junction with the C-pillar. The maximum com-
pressive stress is 70.4 MPa, occurring in the left up-
per crossbar near the rear link. Figures 48 and  
49 show the maps. The maximum shear stress in the 
fibre plane is 29.7 MPa and it occurs in the left  
C-pillar. The normal and shear stresses in the lami-
nate do not exceed the material strength limits. The 
reduced stresses in the steel frame reach a maximum 
value of 47 MPa and are within the elastic working 
range of the material. 

The distances between the driver and passenger 
models and the surface of the deformed vehicle roof 
were measured in the vertical and transverse direc-
tions. In the undeformed state, these distances in the 
vertical direction are 53.5 mm for the driver and 
89.2 mm for the passenger. In the deformed state, 
the distances in the vertical direction decrease to 
48.2 mm for the driver and 85.8 mm for the passen-
ger, which means a reduction in ground clearance of 
5.3 mm and 3.4 mm respectively. In the undeformed 
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state, the minimum distances in the transverse direc-
tion are 89.6 mm for the driver and 61.5 mm for the 
passenger. In the deformed condition, the distances 
in the transverse direction reduce to 78.5 mm for the 
driver and 58.2 mm for the passenger, which means 

a reduction in ground clearance of 11.1 mm and  
3.3 mm respectively. 

Table 5 summarises all the obtained values and 
the locations of the maximum normal and reduced 
stresses for all the presented load cases. 

 

TABLE 5. Values and locations of maximum stresses for each design case 

Calculation cases Maximum normal ten-
sile stress, [MPa]  

Maximum normal com-
pressive stress, [MPa]  

Maximum shear stress, 
[MPa]  

P.1.1  49.2  76.2  39.0  
 Right upper bar  Right B-pillar  Right B-pillar  
P.1.2  108.0  115.0  52.1 
 Left upper bar near C-pil-

lar  
Left C-pillar  Left C-pillar  

P.1.3  69.3  70.4  29.7  
 Upper left transom near 

the rear link  
Upper left transom near 
the rear link  

Left C-pillar  

CONCLUSIONS 

The TRIGGO composite body designed to date 
has confirmed the validity of using composite mate-
rials to obtain a fully functional, safe and light prod-
uct.  

FEM calculations were performed for the body 
of the TRIGGO light vehicle in the RTM version ac-
cording to the documentation and assumptions 
made. The calculation cases were determined based 
on "Regulation (EU) No 168/2013 of the European 
Parliament and of the Council with regard to re-
quirements for the functional safety of vehicles for 
the approval of two- or three-wheel vehicles and 
quadricycles", in particular Annex XI of this docu-
ment.  

The performed calculations demonstrate that the 
body of the TRIGGO light vehicle meets the re-
quirements for body strength (ROPS) when the ve-
hicle rolls over.  

In the next step, experimental tests will be per-
formed on the real TRIGGO vehicle body (a semi-
monocoque structure), including a load test on the 
roll-overprotective structure, as well as the safety 
belt and driver's seat anchorages [12]. The aim of the 

research will be to compare the results of the numer-
ical analyses conducted during the TRIGGO project 
with the results obtained from experimental tests. 
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