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Composite materials have consistently been applied in areas where a combination of properties such as 
strength, stiffness, and low weight is crucial. Motorcycle construction is no exception, as these parame-
ters significantly impact riding characteristics, safety, and overall performance. This article focuses on 
quantifying the torsional and vertical stiffness of a single-sided swingarm made of carbon fiber reinforced 
polymer (CFRP) using finite element analysis (FEA) and verifying these results through experimental 
measurements. To enhance the accuracy of the simulations, which involve complex geometries and ani-
sotropic materials, the material properties of selected fabrics used in the prototype production were meas-
ured. Specific fixtures were designed for the experimental measurements, enabling the application of 
torsional moments and vertical forces. Deformation under these loads was evaluated using the TRITOP 
photogrammetric system, which tracks deformations by monitoring the displacement of reference points 
under static load conditions and comparing them to a reference, unloaded state. Based on the acquired 
data, the overall stiffness values and their distribution along the length of the swingarm were calculated. 
The results showed a significant difference between simulation and reality. For the overall torsional stiff-
ness, the simulated value was 249 N·m/°, while the measured was 270 N·m/°, showing a discrepancy of 
7.7%. The vertical stiffness value from simulation was 414 N/mm, compared to 411 N/mm from experi-
mental measurements, with a minimal difference of -0.7%. The stiffness distribution along the length of 
the swingarm exhibited a correlation, but with notable variation in certain areas. This confirms that ac-
curately simulating CFRP parts with complex geometries is highly challenging, partly due to the sensi-
tivity of the manufacturing process. Therefore, verification through experimental measurement is con-
sidered good practice. 
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 Introduction  

The dynamics of motorcycles, characterized by 
their movement in three dimensions, significantly dif-
fer from the dynamics of automobiles. This distinction 
results in a high degree of instability, and the primary 
task for designers and engineers is to minimize these 
negative impacts on motorcycle control under normal 
operational conditions [1]. The fundamental modes of 
instability during riding were discussed by Sharp in 
1971 [2]. They include capsize, a non-oscillatory mo-
tion where the motorcycle tends to fall to one side at 
low speeds, weave, an oscillatory side-to-side motion 
of the entire motorcycle with a frequency of 0.2 to 3.4 
Hz, and wobble, a rotational oscillation of the front 
fork relative to the motorcycle frame at a frequency of 
9 Hz. In addition to these modes, several other insta-
bility modes have been defined and confirmed by Cos-
salter et al. [3], though they are not relevant to the con-
text of this study.  

The long-term growth in the computational power 
of modern computers has enabled the use of efficient 

tools such as multibody simulations [4], which allow 
for the prediction of these modes, vehicle properties 
and parameter optimization before the prototype pro-
duction. This leads to cost reduction and accelerates 
the development process [5]. However, each simula-
tion is only an approximation of reality, and its final 
accuracy depends on the precision of the individual 
inputs. For motorcycles, some of these inputs are the 
structural properties of the swingarm. These proper-
ties can be obtained through FEA, but they can be rel-
atively inaccurate when dealing with CFRP compo-
sites of complex geometry [6]. Therefore, this work 
focuses on verifying the numerical simulation of a 
CFRP swingarm using photogrammetric measure-
ments of structural properties and their respektive dis-
tributions. 

 Impact of structural components 

When focusing on structural components of mo-
torcycles such as the frame and the swingarm, litera-
ture indicates that they have a significant impact on  
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the resulting dynamics and the aforementioned insta-
bility modes. The influence of frame stiffness on these 
modes is extensively described, and a summary was 
provided by Lake et al. [1]. Frame stiffness increases 
wobble speed and weave speed, wobble is much more 
sensitive than weave to stiffness, and torsional stiff-
ness impacts wobble more than lateral stiffness [7–14]. 

The impact of the structural properties of the 
swingarm is different and not as thoroughly explored. 
Cossalter et al. [15] confirmed that stiffness of the 
swingarm has only a minor influence on capsize and 
wobble modes but affects the damping of the weave 
mode at medium and high speeds. Unlike other au-
thors, they also distinguish between the effects of tor-
sional and lateral stiffness. Lateral stiffness slightly de-
stabilizes the weave mode at very high speeds, while 
torsional stiffness has the opposite effect, stabilizing 
it. This assertion is confirmed by Lot et al. [16], who 
additionally note that increasing torsional stiffness 
raises the weave frequency and the weave damping 
[10, 17].  

Lateral flexibility is also important because it allows 
partial springing at large lean angles of the motorcycle 
when the conventional suspension system ceases to 
function [18].  

The authors do not address vertical stiffness, as the 
suspension unit operates in this plane. However, it is 
generally recommended that the vertical stiffness 
should be at least five times the stiffness of the rear 
suspension spring to ensure the proper functioning of 
the suspension system [19, 20]. All mentioned struc-
tural stiffnesses are shown in Fig. 1 and Tab. 1 pro-
vides an overview of the swingarm structural proper-
ties based on the literature review.  

 
Fig. 1 Swingarm structural stiffnesses

Tab. 1 Literature review of swingarm structural properties 

Resource 
Torsional stiffness 

[N·m/°] 
Lateral stiffness 

[N/mm] 
Vertical stiffness 

[N/mm] 
Limebeer and Sharp [17] 210 x x 

Cossalter [5] 1000-2000 800 - 1600 x 
Taraborelli [21] 1350 1760 1083 
Taraborelli [21] 960 640 623 
Armentani [22] 103 x x 
Armentani [22] 140 x x 
Armentani [22] 140 x x 

Smith[19] 550 x 500 
Risitano [23] 670 x x 
Risitano [23] 890 x x 
Risitano [23] 1330 x x 

 Advances and challenges in the use of CFRP 

Manufacturers began experimenting with carbon 
fiber composite materials in motorcycles as early as 
the 1990s. However, the benefits of this application 
were not significant enough to substitute structural 
components, as seen in Formula 1 [24, 25]. For mo-
torcycles, the use of carbon fiber composites was long 
restricted to "covering and visual" elements rather 
than structural components. One reason for this was 
the internal combustion motorcycle's construction, 
where the engine itself bore much of the load, render-
ing the benefits of composite parts less substantial. 
Today, the situation is changing with the advent of 
electric motorcycles, presenting several opportunities 
for the use of carbon composites. This shift aims to 
minimize weight due to the low specific energy density 

of battery cells and the resulting high weight [26–28]. 
Moreover, the different design of the electric power 
unit allows a completely different conception of struc-
tural elements, as seen in motorcycles like Novus or 
Samurai [29, 30] The increasing trend in the use of 
composite materials across nearly all industries further 
confirms their relevance [31–35]. 

Attempts to apply composite materials to the 
swingarm date back to 1982 [36]. Initially, these at-
tempts focused on material substitution, which did 
not fully exploit the potential of these materials. More 
interestingly, Smith's work [19] combined numerical 
and experimental measurements of the swingarm 
properties. He demonstrated that, compared to the 
original aluminum swingarm, a 29% weight reduction 
was possible using composite materials. However, he  
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did not compare the structural properties to the origi-
nal swingarm, relying instead on literature reviews. 
One notable finding was the significant variation in re-
sults between numerical simulations and experimental 
measurements, with discrepancies of 4% for vertical 
stiffness and 28% for torsional stiffness. Smith at-
tributed these differences to the complicated geome-
try of the part, which makes it impossible to model 
overlaps. 

The inaccuracy of simulations for complex com-
posite parts, as seen in Smith’s article, is a well-docu-
mented issue, as demonstrated by Hosein and 
Grafinder’s study [37]. The authors compared theoret-
ical calculations with several variants of numerical 
simulations on relatively simple geometries, revealing 
significant differences. The study highlights the 
strengths of FEA for specific composite applications 
while pointing out potential pitfalls from incorrect ap-
proaches, methods, or the inherent challenges of com-
posite simulations. 

A study by Airoldi et al. [38] also explores the ap-
plication of composite materials to replace the current 
swingarm design. The author employs multi-objective 
optimization of the composite layup to tune the 
swingarm's parameters according to defined permissi-
ble deformation ranges for vertical and longitudinal 
stiffness while minimizing weight and twist angle. This 
study indicates that technological modifications to the 
existing aluminum design, coupled with multi-objec-
tive simulations, could maintain torsional stiffness 
while reducing the swingarm's weight by almost 10%. 
However, considering Smith's findings [19], the reality 
may differ. 

Significant benefit of using CFRP composites is 
their resistance to fatigue compared to aluminum  

alloys. This increased fatigue resistance can lead to 
longer-lasting components and potentially lower 
maintenance requirements over the lifespan of the 
motorcycle [39–41]. Structural components could also 
benefit from usage of fibre-hybrid composites, where 
the addition of aramid or flax fiber can bring specific 
properties such as damping or could hold the frag-
ments of part together in case of crash [33, 41]. 

In summary, polymer composites are modern ma-
terials suitable for constructing structural compo-
nents, especially due to their specific stiffness-to-
weight and strength-to-weight ratios. Another benefit 
is their anisotropic properties, allowing for the maxi-
mal exploitation of the material's potential and engi-
neering design for specific applications using modern 
tools like FEA combined with multi-objective optimi-
zations. However, their complexity and sensitivity to 
the manufacturing process, quality, design, and mate-
rial used are significant disadvantages [42–46]. 

 Design and optimization of the swingarm 
structure 

The strength and safety of the swingarm construc-
tion are crucial from a structural integrity standpoint. 
Based on input parameters from the CAD model, in-
cluding motorcycle kinematics, center of gravity posi-
tion, maximum weight of the motorcycle with the 
rider, weight distribution, peak safety up to 5g, and 
other parameters, worst-case riding scenarios were de-
fined using a ½ dynamic model of the motorcycle with 
two degrees of freedom. These scenarios include brak-
ing, jumping, and cornering. The force vectors are 
listed in Tab. 2, and the points of force application are 
shown in Fig. 2.

Tab. 2 Worst case scenarios 

Loading condition Point of force FX [N] FY [N] FZ [N] 

Braking Centre of gravity 2942 0 -2452 

Jump Rear suspension -11126 0 -16620 

Jump Seat and footpegs 0 0 -1000 

Cornering 
Contact point at rear wheel 

and road surface 0 -251 938 

 

 
Fig. 2 Worst case scenarios – acting forces 

 
Fig. 3 Swingarm design 
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The construction of the swingarm is illustrated in 
Fig. 3. It consists of two nearly symmetrical CFRP 
parts precisely joined together with structural epoxy 
adhesive. The assembly includes bonded aluminum 
and CFRP inserts that ensure the transfer of forces 
beyond local areas and provide connections to other 
parts of the motorcycle, such as the frame, suspension, 
eccentric, or brake. 

To optimize the design, the following objectives 
were established based on a literature review and the 
defined worst-case scenarios. Considering that exces-
sive increases in parameters such as stiffness lead to 
increased weight, recommended ranges are provided. 
Exceeding these ranges does not result in significant 
benefits and instead increases unsprung mass.  

• Maximize torsional stiffness (recommended 
range 1000 – 2000 N·m/°), 

• Maximaze vertical stiffness (recommended 
range 500 – 1500 N/mm, at least 5 times the 
spring stiffness), 

• Reduce lateral stiffness (recommended range 
800 – 1600 N/mm), 

• Minimize weight, 

• Ensure sufficient strength and safety (worst 
case scenarios, Tab. 2). 

For the prototype production, high strength (HS) 
carbon fiber T700G by Toray and an epoxy resin 
DT120 by Deltapreg were selected. To enhance aes-
thetic value, a twill weave fabric with a surface density 
of 630 g/m² was chosen for the visible side. Addition-
ally, biaxial reinforcements (±45° orientation) with the 
same fiber and a surface density of 300 g/m² were 
used to improve mechanical properties. During pro-
duction, debulking was performed after the 1st and 
4th layers to ensure better adherence and material con-
solidation. 

The chosen manufacturing technology is the pre-
preg method utilizing an autoclave. The primary rea-
sons for this choice are precision and repeatability, 
achieved through prepared cut patterns on a cutting 
plotter. The use of an autoclave ensures good material 
consolidation without unnecessary defects [47]. 

For this study, a simple symmetrical preliminary 
layup (0°T/0°B/45°B/0°B/45°B/0°B/0°T) with a total 
thickness of 2.7 mm was created to verify the concept 
and chosen manufacturing technology (Tab. 3). This 
initial layup does not include local reinforcements and 
is not expected to meet all required structural proper-
ties. It essentially follows a trial-and-error approach, 
with the prototype being made before FEA were con-
ducted. Based on the insights gained from this study, 
a new layup will be developed using multi-objective 
optimization. 

Tab. 3 Swingarm preliminary layup 

Stacking sequence Fabric Fiber orientation Style weight [g/m2] thickness [mm] 

1 HS Carbon 0°/90° Twill 2/2 630 0.6 
debulk 

2 HS Carbon +45°/-45° Biax 300 0.3 
3 HS Carbon 0°/90° Biax 300 0.3 
4 HS Carbon +45°/-45° Biax 300 0.3 

debulk 
5 HS Carbon 0°/90° Biax 300 0.3 
6 HS Carbon +45°/-45° Biax 300 0.3 
7 HS Carbon 0°/90° Twill 2/2 630 0.6 

 Experimental measuring 

The measurement of the structural properties of 
the swingarm was conducted statically using calibrated 
weights and took place before the FEA itself. Defor-
mations due to the applied load were recorded with 
the TRITOP photogrammetric measurement device, 
which accurately captures the positions of prepared 
reference points in 3D space. The principle involves 
capturing the points in a reference (unloaded) state 
and then capturing the same points under load. It is 
essential to place reference points on a rigid body that 
does not deform or change position during the meas-
urement process, serving to compensate for motion in 

individual measurements. This method effectively rec-
ords not only the overall stiffness but also the stiffness 
distribution along the length of the swingarm. [48, 49] 

The accuracy of the measurements was verified us-
ing two calibration rods, demonstrating a measure-
ment accuracy with a maximum deviation of 0.02 
mm/m. Five measurements with different weights 
were conducted for each type of stiffness being meas-
ured, as shown in the graph in Fig. 4. The maximum 
applied load was slightly lower than the loads experi-
enced during normal motorcycle operation. The graph 
also shows that as the load gradually increased, the 
clearence in the fixture were defined, affecting the 
overall stiffness values for both torsional and vertical 
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stiffness. At higher load values, the results became 
more precise, and the stiffness dependency on the 
load approached a constant value. Therefore, for the 

remainder of this work, we focus exclusively on the 
results from measurements with the maximum load. 

 
Fig. 4 Measured stiffness to applied load graph 

 Torsional stiffness 

A simple fixture was designed to measure the tor-
sional stiffness, as illustrated in Fig. 5, which generates 
a torsional moment acting on the swingarm. The part 
of the swingarm's connection to the frame was re-
placed with a rigid mount having zero degrees of free-
dom. The eccentric, which connects the swingarm to 
the wheel through the shaft, was replaced with bear-
ings that allow one degree of freedom, the rotation. 
This replacement includes an arm with weights at its 
end, creating a torsional moment on the swingarm. 
The boundary conditions for the numerical simulation 
were chosen to match the experimental setup as 
closely as possible to ensure accurate comparison. 

To evaluate the torsional stiffness, the relationship 
used is the ratio of the applied torsional moment to 
the resulting angle of twist. 

VW � XYZ  +N \ m° / (1) 

Where: 
KT…Torsional stiffness [N·m/°], 
MK…Torsional moment [N·m], 
α…Twist angle [°]. 

 
Fig. 5 Torsional stiffness measuring fixture 

The torsional moment is determined by the length 
of the loading arm from the axis of twist and the ap-
plied force. The angle of twist for the overall torsional 
stiffness of the swingarm was evaluated based on the 
rotation of the plane defined by the reference points 
relative to the coordinate system in the axis of the tor-
sional load. This is depicted in Fig. 6. 

To evaluate the distribution of torsional stiffness 
along the length of the swingarm, a different method 
was necessary. This method involves calculating the 
angle of twist based on the displacement vector of a 
selected reference point due to deformation and its 
distance from the axis of twist. This approach is chal-
lenging given the complex, rotationally asymmetric ge-
ometry of the single-sided swingarm, which does not 
undergo pure torsion. This issue is illustrated in Fig. 7, 
where the normals of the displacement vectors (except 
for the dZ vector) of individual points in the cross-
section do not intersect at a single point. 

Since absolute precision is not crucial for this 
study, and the same issue is present in the simulation, 
a methodology was chosen that allows for a signifi-
cantly easier calculation of the resulting angle of twist 
and the dependent torsional stiffness. Due to the pro-
nounced plane of symmetry of the lower and upper 
halves of the swingarm, shown in Fig. 7 in the Y plane, 
it can be assumed that the axis of torsion passes 
through this plane. Therefore, the displacements of 
points along the Z-axis (dZ), parallel to the Y plane, 
and the distance of the investigated point from the 
plane of symmetry (Y) were evaluated at the investi-
gated points. Subsequently, the angle of twist of the 
swingarm at a given point was calculated, converting 
from radians to degrees according to the relationship: 
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∝�  tan cdef c ∙ 180h  +°/ (2) 

Where: 
α…Twist angle [°], 
dZ…Point displacement in Z-axis [mm], 
Y…Point Y coordinate from symmetry plane 

[mm]. 
The described procedure was applied to evaluate 

both the experimental measurements and the results 
of the FEA. The vector map at maximum torsional 
load, the coordinates, and the displacement of the se-
lected points, as well as the overall angle of twist of 
the swingarm, are shown in Fig. 9. 

 
Fig. 6 Detail of plane for twist angle derivation

 
Fig. 7 Twist angle calculation for point ten 

 Vertical stiffness 

For the vertical stiffness measurement, the fixture 
was slightly modified. The rigid mount with zero de-
grees of freedom remained in place at the connection 
of the swingarm to the frame. A significant change was 
the addition of a rigid substitution in place of the 
swingarm's suspension, which eliminated one degree 
of freedom in the vertical direction. The loading arm 
and bearing housings were removed from the part 
connecting the swingarm to the wheel. The weights 
were placed directly at the intersection of the wheel 
axis and the eccentric mount in the swingarm. The 
boundary conditions for the numerical simulation of 
vertical stiffness were chosen to match the mechanical 

measurements as closely as possible. The measuring 
setup is shown in Fig. 8.  

 
Fig. 8 Vertical stiffness measuring setup 
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Fig. 9 Deformation vectors at maximum torsion loading 
 
To evaluate vertical stiffness of the swingarm, the 

relationship used is the ratio of the applied vertical 
force to the resulting displacement of a point due to 
deformation. Vi � jkdf  + Nmm/ (3) 

Where: 
KV…Vertical stiffness [N/mm], 
FV…Applied vertical load [N], 
dY…Displacement in vertical direction [mm]. 
In contrast to the evaluation of the distribution of 

torsional stiffness, there are no complications for de-
termining vertical stiffness. The process is straightfor-
ward, as it involves directly measuring the displace-
ment resulting from a known vertical load. 

 Swingarm FE analysis 

The resulting structural properties of the swingarm 
are significantly influenced by the part's layup, which 
is further affected by the material properties at the 
layer level. To increase the accuracy of the FEA of the 
swingarm, measurements of material properties were 
conducted. This approach was necessary because ma-
terial constants can vary significantly depending on the 
type of fiber, manufacturer, weaving method, and pro-
cessing techniques [6, 50, 51]. 

 
Fig. 10 Material properties measuring setup 

 
The measurement and modification of the material 

model were conducted prior to the swingarm simula-
tion. Unidirectional tension tests were performed ac-
cording to ASTM D3039/D3039M [52] and ASTM E 
132–97 [53] standards. Specimens were prepared ac-
cording to the standarts, cut by waterjet and reinforced 
at the ends by glass fibre composite pads. Measure-
ments and adjustments were made for Young's mod-
ulus, maximum tensile stress, maximum tensile strain, 
Poisson's ratio, and shear modulus. Other parameters  
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were obtained from relevant sources.  
Testing was conducted on a universal testing ma-

chine (UTS) Zeiss Z100, which was synchronously 
connected to the optical measuring device GOM Ar-
amis (Fig. 10). The evaluation was carried out using 

Digital Image Correlation (DIC), which allows for 
tracking the sample's deformation with subpixel accu-
racy using a stochastic pattern applied to the sample 
(Fig. 11). The resulting parameters used for the simu-
lation are summarized in Tab. 4. [54–58]. 

 
Fig. 11 Aplied virtual extensometers - DIC 

Tab. 4 Material model for FEA 
Material type Wowen fabric UD fabric 

Orthotropic elasticity   

Young’s modulus Ex [GPa] 67 134 
Young’s modulus Ey [GPa] 67 - 

Poisson XY [-] 0.04 0.27 
Poisson XZ [-] - 0.27 

Shear Modulus XY [GPa] 3.3 4.7 
Shear Modulus XZ [GPa] - 4.7 

Orthotropic Stress Limits   

Tensile X [MPa] 1430 2860 
Tensile Y [MPa] 1430 - 
Shear XY [MPa] 125 60 
Shear XZ [MPa] - 60 

Orthotropic strain limits   

Tensile X [-] 0.0202 0.0202 
Tensile Y [-] 0.0202 - 
Shear XY [-] 0.022 0.012 
Shear XZ [-] - 0.012 

 
FEA simulations were conducted after the experi-

mental measurements and were performed for both 
torsional and vertical stiffness. The boundary condi-
tions and loads were set to match the conditions dur-
ing the experimental measurements, ensuring compa-
rability. The evaluation followed the same methods 
and relationships as described in the chapter 3 Exper-
imental measuring. The only difference was that the 
simulation was conducted for a single load case: 462 
N·m for torsional stiffness and 924 N for vertical stiff-
ness. 

The numerical simulation was conducted using 
Ansys Workbench. The elastic properties of the mate-
rial obtained from tensile testing were assigned to the 
material model in the Engineering Data module. The 
biaxial fabric was set as two layers of perpendicular 
150 g/m2 UD fabric. Geometric simplifications were 
performed in Solidworks and SpaceClaim, and the 

mesh creation was done in Ansys Mechanical. The as-
signment of orthotropic properties to the shell and 
homogenization of the laminate were conducted in the 
ACP (Pre) module. The setting of boundary condi-
tions, loading, and evaluation were performed in the 
Ansys Mechanical module, with further evaluation 
also conducted in ACP (Post). The solver used for the 
simulation was Ansys Mechanical APDL.  

For simulating composite components, shell ge-
ometry was used, while volumetric geometry was used 
for aluminum inserts. Bonded joints in the simulation 
were replaced with a rigid bonded constraint. The dis-
cretization of composite parts utilized the 4-node shell 
element, Shell 181. The element size was nominally set 
to 2.2 mm, providing sufficient accuracy and rapid 
computation. The mesh density is shown in Fig. 12. 
The boundary conditions of the simulation were 
adapted to closely match the actual fixture and loading 
conditions during measurement. 
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Fig. 12 Mesh density 

 Results and discussion 

 Torsional stiffness results 

During the simulation with a torsional load of 462 
N·m, the twist angle was 1.85°, resulting in an overall 
torsional stiffness of 249 N·m/° for the swingarm. In 
the experimental measurement under the same load, 
the twist angle was 1.72°, with an overall stiffness of 
270 N·m/°. This represents a difference of 7.7% in 
favor of the experimental measurement. Compared to 

the literature (Tab. 1), this is a low stiffness value 
within the range of measured swingarms but does not 
meet the range specified by Cossalter [5]. 

The distribution of stiffness from the simulation 
and experimental measurement is shown in Fig. 13. 
The figure highlights a correlation between the simu-
lated and measured results, though the variability in 
some areas reaches up to 200 N·m/°. This discrep-
ancy could be attributed to the methodology used and 
the low displacement values of points near the fixed 
mount of the swingarm.

 
Fig. 13 Torsional stiffness distribution 

 Vertical stiffness results 

During the simulation with an applied force of 924 
N for the vertical stiffness of the swingarm, the overall 
value was found to be 414 N/mm, while real testing 

yielded a value of 411 N/mm. This represents a dif-
ference of 0,7% in favor of the simulation. Compared 
to values reported in the literature (Tab. 1), these val-
ues are lower, primarily due to the geometry of the  
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swingarm, which has a relatively low second moment 
of area, and the test layup, which is significantly more 
economical compared to, for example, Airoldi's work 
[38]. Nevertheless, the value should be sufficient to 
meet the requirement of having stiffness at least five 
times higher than the spring stiffness (50 N/mm). 

Examining the distribution of stiffness in Figure 
(Fig. 14), one can observe a correlation between the 

simulated and measured stiffness. However, in some 
areas, the values differ by up to 200 N/mm. This dis-
crepancy is due to differences between reality and the 
simplified simulation model. Therefore, it can be con-
cluded that the small overall stiffness difference be-
tween the simulation and the measurement for such a 
complex structure is likely coincidental. 

 
Fig. 14 Vertical stiffness distribution 

 Conclusions 

• Measuring the structural characteristics of the 
swingarm using photogrammetry is an effi-
cient method that enables quantification un-
der static load conditions. Compared to con-
ventional methods, it allows parallel tracking 
of deformation on a cloud of reference points 

and the possibility of additional analyses even 
after the measurement is complete. This ena-
bles verification of FEA results not only for 
overall stiffness but also along the length of 
the swingarm. This approach provides useful 
information and allows the evaluation of crit-
ical areas with the highest gradient of stiffness 
reduction.

Tab. 5 Overall structural stiffness results 

 
Torsional characteristics 

[N·m/°] 
Vertical characteristics 

[N/mm] 
Overall stiffness - simulation 249 414 
Overall stiffness - measuring 270 411 

Difference 7.7 % -0.7 % 

• The presented results show significant dis-
crepancies between simulation and measure-
ment. The overall difference between numer-
ical simulation and experimental measure-
ment is 7.7% for torsional stiffness and -0.7% 
for vertical stiffness. These differences are 

mainly due to the complex geometry, the sen-
sitivity of manufacturing technology to preci-
sion, simplified geometry for computational 
ease, and methodological limits, particularly 
for torsional stiffness. However, these  
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differences can be considered acceptable and 
representative. 

• In terms of torsional stiffness, the values did 
not meet the reference values according to 
Cossalter [5], indicating substantial room for 
modification. Nonetheless, the current value 
exceeds those reported by other authors, sug-
gesting that the swingarm should function ad-
equately (Tab. 1).  

• For vertical stiffness, the condition of signifi-
cantly higher stiffness was met, ensuring the 
proper function of the motorcycle's suspen-
sion, although there is still room for improve-
ment. One primary reason for the lower stiff-
ness is the simple design of the swingarm, 
which has a low second moment of area com-
pared to other swingarms in Tab. 1. 

• The manufactured swingarm had a simple 
layup without any optimization, with the pri-
mary goal of concept verification and numer-
ical simulation validation. Based on the find-
ings of this study, it is possible to optimize the 
layup to increase stiffness under the required 
loads by adding additional layers, local rein-
forcements, or using high-modulus fibers, po-
tentially through multi-objective optimiza-
tion. 

• Objective goals for swingarm design optimi-
zation should be maximize torsional stiffness 
(1000 – 2000 N·m/°), maximize vertical stiff-
ness (500 – 1500 N/mm), reduce lateral stiff-
ness (800 – 1600 N/mm), minimize weight 
and ensure sufficient strength and safety for 
worst case scenarios (Tab. 2). 
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