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Abstract 
In this paper the authors propose a virtual method that can be used to objectively evaluate the vibrational 

comfort during normal ride. The comfort analysis is performed with a motorcycle using a detailed three-

dimensional virtual rider in the multibody modeling and simulation environment LMS Virtual.Lab 

Motion. The analysis considers virtual human models of able-bodied riders in different riding postures and 

of people with different disabilities. Reported comfort evaluation approaches are based on the evaluation 

of acceleration parameters, for instance by calculating the Root mean square (RMS) and Vibration Dose 

Value (VDV). In this paper, the frequency weighted RMS and VDV are used to assess the vibrational 

comfort level of the motorcycle considering the frequency range from 4 Hz to 10 Hz to be the most 

critical. The RMS and VDV values are used as relative indicators for comparison between the scenarios 

showing a strong dependency on the configuration of the rider-motorcycle system. 

1 Introduction 

The assessment of the vibrational comfort is an important functional performance aspect in automotive 

([1], [2]) and motorcycle design ([3], [4], [5]) and also a major characteristic by which manufacturers can 

distinguish their products from their competitors. Moreover the exposure to vibrations may cause adverse 

effects on the human health. These effects range from short-term consequences such as annoyance, 

discomfort and fatigue ([6], [7], [8]), to long-term problems such as chronic back pain. The extent to 

which these effects are felt is connected to physical characteristics of the vibration such as the frequency, 

magnitude and duration of exposure. However, one should note that not only the physical factors are 

important but also other factors like posture, body size and disabilities of the subjects. Scientific literature 

reports that some of the most important variables influencing seat-to-head transmissibility magnitude are 

posture, back support, and head and limb position of the seated person ([2], [9] and [10]). Moreover, 

literature proves that age and gender [11] also have an influence on the perception of vibrations. 

On the other hand, vibrational comfort assessment is very subjective, and a vibration level that does not 

affect one person unpleasantly, may result in violation of comfort levels for another person. Objective 

methods of quantifying whole-body vibration in relation to human health and comfort, the probability of 

vibration perception and the incidence of motion sickness are defined in international standards such as 

ISO 2631 – International Organization for Standardization, 1997 [12] and 2004 - and BS 6841 – British 

Standard Institution, 1987 [13]. These standards rely on evaluating acceleration parameters like Root mean 

square (RMS) and Vibration Dose Value (VDV) and use different weighting curves in order to determine 

the vibrational comfort level. 

Technological advances in the last decade have allowed various computer aided methods of vibration 

control to be developed. Different vibrational dummies were established in order to reduce the need for 

tests with human subjects for vibrational comfort assessment. The different vibrational dummies reported 

in literature range from simple few DOF lumped-parameter models to, more complex Finite Element and 

Multi Body models. The lumped-parameter model is a widely used analytical method in the study of 

biodynamic responses of seated human subjects. These are based on elementary linear models considering 
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the human body as several concentrated masses interconnected by springs and dampers. This type of 

model is simple to analyze and easy to validate with experiments. However, the disadvantage is the 

limitation to one-directional analysis and that real three dimensional postures are not taken into 

consideration [14]. Another category of virtual human models is based on finite elements method ([2], 

[15]), which can predict the local behavior at the contact surface but this approach involves a large amount 

of parameters to be defined and managed requiring also large computational efforts. Consequently, MBS 

models ([1], [15], [16] and [17]) represent the best practice in this sector offering efficient and effective 

modeling and simulation capability. First of all, they can mimic the nonlinear behavior of a 3D human 

body model and require a small set of body data. Secondly, they are quite efficient and they can be set up 

in a straightforward manner (as compared to the FE virtual dummy models), finally they are sufficiently 

accurate to predict the global behavior of the rider or driver due to whole body vibrations. 

To address the topic of vibrational comfort assessment based on computer simulation, the authors propose 

a virtual method that can be used to objectively evaluate the vibrational comfort during normal ride with a 

motorcycle using a detailed three-dimensional virtual rider. A rider-motorcycle model assembly has been 

developed in LMS Virtual.Lab Motion [18], a multi-purpose simulation software, specially designed to 

simulate realistic motion and loads of mechanical systems. LMS Virtual.Lab Motion has been used to 

create the CAD (Computer Aided Design) based multi-body models and perform fast iterative simulations 

to obtain acceleration data for the assessment of the vibrational comfort and to investigate the 

biomechanical response of the dummy to whole body vibration. The analysis considers virtual human 

models of able-bodied riders in different riding postures and of people with different disabilities. 

The analysis presented in this paper aims to investigate how different biomechanical parameters, riding 

postures and disabilities affect the vibrational comfort of a motorcycle. Results are compared to a 

reference case with an able-bodied mechanical human model in normal riding position. 

2 Comfort analysis method applied to motorcycles 

The comfort assessment method presented in this paper relies on standards ISO 2631 [12] and BS 6841 

[13] adapted to a motorcycle scenario. The starting point in the comfort analysis method is the 

determination of acceleration values at the contact points between the rider and the motorcycle (i.e. feet, 

hands, and sacrum) using time domain simulations. For each of these points 3 translational axes were 

considered. RMS and VDV are used to objectively evaluate the vibration comfort of a motorcycle rider, 

based on a comparison with the indicative values published in the standards. The acceleration data is 

determined with respect to the basicentric axes of the seated human body as seen in Figure 1. 

 

Figure 1: Basicentric axes of the seated human body 

The manner in which vibration affects comfort is dependent on the vibration frequency and thus, 

frequency weighting is applied as specified in ISO 2631 [12] (Figure 2). The considered frequency range 

is limited to the range below 80Hz. The 2 principal frequency weighting functions considered in this 
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method are Wk for the z-axis or vertical direction and Wd for the x- and y-axis, or horizontal direction. 

Motion sickness was not considered. 

As it can be observed in Figure 2 for Wk, frequencies below about 2 Hz are weighted less than frequencies 

in the range of 2 to 20 Hz. For Wd, the highest weighting is given to frequencies in the range of 0.5 to 2 

Hz. Consequently, for comfort evaluation, primary attention is given to the frequency range of 0.5 Hz to 

20 Hz. 

 

Figure 2: Frequency weighting functions: Wk for the z-axis and Wd for the x- and y-axis 

In order to apply the frequency weighting functions the acceleration data is converted from time domain to 

frequency domain via a Fast Fourier Transformation (FFT). Furthermore, multiplying factors are applied 

considering the position and the direction of the human body as specified in ISO 2631 [12]. 

The frequency domain operations give as output the weighted acceleration (aw), which is used for the 

computation algorithm to assess the effects of whole-body vibration on comfort. Then, the weighted 

acceleration data is converted back to time domain for determining the relevant vibrational comfort 

metrics: RMS and VDV.  

The most important quantity of vibration magnitude is the acceleration, given by the weighted RMS 

(aw,rms): 
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where aw(t) denotes the frequency-weighted acceleration as a function of time, in m/s
2
 and T stands for the 

integration time of exposure.  

To evaluate the effects on health, the VDV is computed using the fourth power vibration dose method: 
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To have a unique number representing the vibrational comfort of the motorcycle rider, the contribution of 

all contact points and points of interest with respect to all the axes have to be merged in a point vibration 

total value. This is achieved by computing the root-sum-of-squares excluding the values contributing less 

than 25%. 
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One should note that the values published in the standards are only indicative. ISO 2631 gives guidelines 

for the evaluation of human exposure to vibration, but up to now, no widely accepted vibration exposure 

limits with respect to human comfort and health risks have been reported. The perception of vibration and 

comfort is highly subjective and depends on the configuration of the measurements, the subject’s age and 

gender. Furthermore the standards give guidelines only for standing, sitting and laid down postures and 

more complex cases like different driver or rider postures with different contact point configurations are 

not examined. Consequently, it is recommended to use the obtained RMS and VDV values for the 

comparison of different scenarios and use them as relative indicators rather than absolute ones. 

3 Multibody simulation for motorcycle vibration comfort 
assessment 

To address the topic of vibrational comfort assessment based on computer simulation, the authors propose 

a virtual method that can be used to objectively evaluate the vibrational comfort during normal ride with a 

motorcycle using the multibody modeling and simulation environment LMS Virtual.Lab Motion [18]. A 

detailed three-dimensional virtual human dummy placed on a motorcycle model is used (Figure 3). This 

model allows to investigate the biomechanical response of the virtual dummy to whole body vibration and 

to assess the vibrational comfort of the motorcycle rider using the method outlined in the previous 

paragraph. 

 

Figure 3: Motorcycle and virtual rider assembly 

3.1 Three-dimensional multibody rider dummy 

The rider model used in this analysis is a virtual three dimensional model of a human dummy, built in 

LMS Virtual.Lab Motion to represent the biomechanical response due to whole body vibration (Figure 4). 

The rider model takes as a basis the model reported in [17] adapted for the current analysis and rider 

scenario. It was developed internally at LMS in the framework of a research project. The virtual dummy 

consists of 3 main sub-systems: a detailed spine sub-assembly (including head, vertebrae and pelvis), two 

arms and two legs and allows accurate evaluation of the human frequency response in the range of interest 

of the whole body vibration. The dummy is completely parameterized and different rider configurations 

can be adopted. It can be used both for frequency and time simulations, for analyzing both natural 

vibration modes and transmissibility functions. The complete sub assembly of the rider model consists of 

33 bodies: the head, 24 vertebrae (from C1 to C7, cervical vertebrae, from T1 to T12 thoracic vertebrae, and 

from L1 to L5, lumbar vertebrae), one single element to model the sacrum, coccyx and pelvis and 7 

visceral masses in order to represent the presence of internal organs, which are connected to each other 

and to the respective vertebra by means of linear spring damper elements. The relative movement between 

the vertebra and the visceral mass is allowed only in the sagittal plane, using a planar joint in which 

rotation is constrained. 
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Figure 4: Three dimensional multibody rider model 

In figure 4 the inclination angle of the back with respect to the vertical direction is denoted with α and the 

angle between the lower arm and the upper arm is denoted with β. Angles of the shoulder and of the legs 

result from the position of the handlebar, footrest and saddle position. 

The kinematic behavior of the spine has been simplified according to previous studies that focused their 

attention on the type of excitation that typically happens in a driving or riding environment. The system 

can thus simulate correctly only small displacements. This fact is a consequence of not modeling the 

muscles and simplifying the entire set of force elements by limiting their behavior to the linear range. 

Moreover, the gravity has been neglected, so that the system equilibrium is maintained. Size, mass and 

inertia properties, stiffness and damping properties of the bodies and force elements of the dummy can be 

updated in a straightforward manner to match the characteristics of different height and weight and (if 

applicable) the disabilities. 

 

Figure 5: Transfer function of the rider dummy in a normal riding posture 

For vibration comfort assessment purposes, the vertical component of the acceleration plays an important 

role, where the input signal is the vertical acceleration at the sacrum, and the output signal is the vertical 

acceleration measured in two different points: the center of the mass of the 3
rd

 vertebrae (for its 

importance with respect of low back pain) and of the head. 
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As highlighted previously, the range of interest of the whole body vibration is between 0 to 20 Hz, but the 

most important range is between 0.5 – 10 Hz. An analysis in the frequency domain has been performed, in 

order to identify the vibrational modes and the vertical transmissibility of the dummy. Figure 5 presents 

the transfer function of the rider dummy in a normal riding posture with vertical force input at the sacrum 

and acceleration output at the 3
rd

 vertebrae (solid line) and at the head (dashed line), along the Z direction. 

Modes of the spine can be found at 2.16 and 2.84 Hz and of the sacrum at 4.84 and 7.87 Hz. At 8.61, 

13.82 and 19.42 Hz the modes of the visceral masses are located. Higher peaks are related to higher modes 

of the visceral masses. Other modes visible between 0.7 and 2 Hz are mainly related to the legs of the 

dummy. As it can be noticed, the important modes of the dummy can be found in the range of 2 to 10 Hz. 

3.2 Multibody motorcycle model for vibrational comfort assessment 

The motorcycle was modeled in LMS Virtual.Lab Motion as a system of six rigid bodies: the front and 

rear wheels, the frame, the steering column, handle-bar and front fork, the rear swinging arm (Figure 6). 

The front suspension is a telescopic type and the rear suspension is a swinging arm type. Vibrations 

caused by the engine, fall out of the frequency range of interest with respect to vibration comfort and 

therefore have been neglected. 

 

Figure 6: Multibody motorcycle model for vibrational comfort assessment 

Revolute joints have been used to connect the front and rear wheels to the fork and swing arm 

respectively. The fork and the swing arm have been connected to the frame of the motorcycle by means of 

revolute joints as well. The motion of the bodies has been restricted to the vertical plane of the motorcycle 

with planar joints. Tire and suspension forces have been modeled using translational spring and damper 

actuator (TSDA) elements: two TSDAs at the front fork, one TSDA at the swing arm and one TSDA per 

wheel to mimic the vertical tire forces. In the simulation only vertical input is applied at the front and rear 

tire, thus only the vertical tire force has been considered. Therefore, it is a valid assumption in the analysis 

to neglect the longitudinal and lateral tire forces. 

The specifications for the front and rear suspension and tires are presented in Table 1 below. 

Force element Stiffness [N/m] Damping [kg/s] 

Fork TSDAs 19000 600 

Swing arm TSDA 210000 12000 

Front tire 130000 800 

Rear tire 141000 800 

Table 1: Motorcycle specifications 
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A virtual test rig has been constructed to perform the comfort evaluation according to a process that 

mimics the experimental testing practice. For this purpose, the motorcycle has been embedded in a 2-post 

test rig, for which front and rear platforms have been added connected to the wheels of the motorcycle. 

Excitation input to the virtual test rig has been in the form of vertical displacement on the basis of a 

standardized road profile according to ISO 8608, which has been provided as random input in the form of 

a predefined PSD content. In order to study the response of the system and provide input data for the 

comfort assessment algorithm the acceleration of different rider-motorcycle contact points (hands, feet and 

sacrum) have been recorded. 

Figure 7: Transfer function of the motorcycle 

A frequency domain analysis has been performed, for identifying vibrational modes and vertical 

transmissibility of the motorcycle. Figure 7 presents the transfer function of the motorcycle with vertical 

force input at the front and rear shakers and vertical acceleration output at the saddle. 

The modes resulting from the modal analysis are well in line with literature data [19]. The frequency of 

vertical bounce is at 2.01 Hz, the pitching mode can be found at 4.95 Hz, and the hop mode of the front 

and rear sprung masses are located at 12.38 Hz and 12.60 Hz, respectively. 

The virtual rider dummy has been placed on a multibody model of a motorcycle. This virtual model 

assembly has been used for both frequency domain and time domain analyses. The connection between 

the rider and the motorcycle has been modeled with a set of 8 TSDAs as follows: 4 TSDA for the sacrum 

(2 buttocks, 2 thighs), 2 TSDA for the feet and 2 TSDAs for the hands with the values specified in Table 2 

below. 

Connected bodies Stiffness [N/m] Damping [kg/s] 

Saddle – Buttocks (2 elements, one each buttock) 16900 240 

Saddle – Thighs (2 elements, one each thigh) 8000 47 

Handlebar – Hands (2 elements, one each hand) 5000 2.5 

Footrests – Feet (2 elements, one each foot) 5000 5 

Table 2: Rider-motorcycle connection point specifications 
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4 Scenarios and results for able-bodied riders 

4.1 Scenarios 

For the motorcycle vibrational comfort assessment different scenarios have been considered. A set of 

different rider configurations have been implemented as highlighted in Figure 8. 

A reference posture has been considered with a virtual rider of a 50
th
 percentile height and weight (175 cm 

and 77 Kg), sitting in a “natural posture” on the motorcycle (Figure 8, a). In this case, the back angle α as 

specified in Figure 4 has been equal to 32 degrees, and the elbow angle β has been given by 30 degrees. 

Two postures with different back angles and two cases with different sacrum positions have been 

considered: 

 “Back down” (Figure 8, b): the virtual rider has a back angle with respect to the vertical of 37.7 

degrees, with the chest closer to the handlebar and the elbow angle has been set to 60 degrees 

 “Back up” (Figure 8, c): the virtual rider has been positioned with a back angle with respect to the 

vertical of 29.9 degrees, with straight arms and 0 degree elbow angles 

 “Sacrum to front” (Figure 8, d): starting from the reference posture, the rider has been shifted 10 

cm closer to the front of the motorcycle, with a back angle of 25 degrees and an elbow angle of 30 

degrees 

 “Sacrum to rear” (Figure 8, e): the rider has been shifted 10 cm closer to the rear of the 

motorcycle, having a back angle of 39.3 degrees and an elbow angle of 30 degrees 

 

Figure 8: Different rider postures considered for the motorcycle comfort assessment 

4.2 Results 

Frequency domain analysis reveals the transfer function of the coupled system: motorcycle and virtual 

rider. The frequency response of the system can be studied for numerous configurations and at different 

locations. 

From the perspective of vibration comfort, the contact points between the rider and motorcycle are 

relevant, specially the vertical vibration of the seat since it has a higher scaling factor than the hands and 

feet and thus has a stronger influence on the RMS and VDV values. 
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In order to study the impact of the rider posture and disability on the vertical transmissibility of the 

vibration from the ground to the seat, the system has been excited in the vertical direction at the front and 

rear tires and the vertical acceleration output at the seat-rider connection point has been measured. In this 

study, results have been compared to the reference rider posture (as depicted in Figure 8, a), to highlight 

the impact of the rider posture and disabilities on the transfer function of the system. One should note that 

for vibrational comfort assessment the frequency domain of interest is between 4Hz and 10Hz. 

First, the influence of the back angle was considered comparing results to the reference case. Figure 9 

presents the impact of the different back angles (Figure 8 b and c) on the transfer function of the system 

compared to the reference case. The case of the rider leaning forward (“Back down”) is highlighted with 

dashed line and the case of the rider leaning backward (“Back up”) is highlighted with dotted line. 

 

Figure 9: Impact of the back angle on the transfer function 

Studying the results for the different back angles (Figure 9) one can notice that the most relevant 

differences with respect to the reference case occur at a frequency range above 4 Hz. This is particularly of 

interest since the frequency weighting function for the Z direction has its peak in this region (Figure 2). 

One can also observe that in general the transfer function of the case “Back down” is situated slightly 

below the reference case, while the transfer function for the “Back Up” is well above it. This means that 

for the case when the rider is leaning backward a lower vibrational comfort level will be achieved than for 

the reference case.  

The analysis of the impact of the sacrum position on the transfer function is presented in Figure 10. The 

case when the sacrum is moved to the front (“Sacrum to front”) is presented with dashed line and the case 

when the sacrum is moved to the rear (“Sacrum to rear”) is highlighted with a dotted line. 

As shown in Figure 10, if the sacrum of the rider is moved to the back, the transfer function is shifted 

upwards, above the reference case. The reason for this phenomenon is related to the architecture of the 

motorcycle. Because of the specific configuration of the motorcycle front and rear suspension system, an 

instantaneous center of rotation exists around which the pitching motion of the motorcycle is achieved. 

This point is called the pitch center of the motorcycle. If the rider is sitting in the back of the saddle, then 

the rider-saddle contact point is further away from the pitch center of the motorcycle and thus a more 

emphasized coupling exists between the rider and the motorcycle. 
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Figure 10: Impact of the sacrum position on the transfer function 

However, it should be noted that no direct conclusion can be drawn from the transfer function analysis 

with respect to the vibrational comfort of the motorcycle. For this purpose, it is necessary to determine the 

RMS and VDV values considering all rider-motorcycle contact points. 

For assessing the overall comfort value, 15 acceleration signals have been used: hands, feet and sacrum, 3 

directions each. The vibrational comfort was determined for all the scenarios described in this paper and is 

reported in Table 3. 

Rider type RMS VDV 

Reference case 0.80 1.01 

Back down 0.83 1.06 

Back up 0.87 1.13 

Sacrum to front 0.85 1.11 

Sacrum to rear 0.83 1.05 

Table 3: RMS and VDV values for able-bodied scenarios 

The first conclusion of the RMS and VDV analysis is that rider posture affects very much the vibrational 

comfort assessment. 

Analyzing the RMS and VDV results one can observe that with respect to the reference case the rider 

postures with low back and low elbow angles (“Back up” and “Sacrum to front”) result in the higher 

discomfort level. Vibrational comfort is less impacted if the rider leans forward or moves the sacrum to 

the back. 
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5 Scenarios and results for disabled riders 

5.1 Scenarios 

The accessibility of modern products and as such also motorcycles is gaining on importance also in the 

design phase of the product development cycle. In order to meet the requirements of an aging society 

modern product development faces the challenge of having to design products specially configured for the 

use by elderly people and people with different disabilities of different severity. Subsequently, the authors 

of this paper have studied two cases of disabled riders: the case of arm and leg amputation. 

Figure 11 presents the two disability scenarios considered in the present vibrational comfort analysis. In 

the case of leg amputation, the left lower leg and foot have been removed from the rider model while in 

the case of arm amputation, the left lower arm and hand have been removed. 

  

Figure 11: Disabilities considered for the motorcycle comfort assessment 

5.2 Results 

In view of improving the accessibility of transportation modes for elderly and disabled persons, it is 

important to take advantage of the capabilities of virtual scenarios to assess and optimize the product 

usage by all classes of riders. Hence, it is of interest to use the comfort criterion introduced in this paper 

for the evaluation of comfort of both able-bodied riders and of riders with disabilities. 

Figure 12 shows the impact of amputation on the transfer function of the system. Leg amputation is 

presented with dashed line and the case of arm amputation is highlighted with a dotted line. 

In case of the leg amputation, very small impact can be noticed on the transfer function and mainly at low 

frequency, below 2 Hz. In case of arm amputation, the transfer function is shifted above the reference 

case, in the region above 4 Hz. From point of the view of vibrational comfort, this is more critical, 

considering the weighting functions and will more severely impact the overall vibrational comfort of the 

motorcycle. 
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Figure 12: Impact of disabilities on the transfer function 

The vibrational comfort determined for the arm and leg amputation scenarios is reported in Table 4. 

Rider type RMS VDV 

Leg amputee 0.80 1.00 

Arm amputee 1.37 2.22 

Table 4: RMS and VDV values for amputation scenarios 

One should note that in case of arm and leg amputation, less vibrational sources are used to calculate the 

RMS and VDV values since there are less contact points due to the missing body parts. The vibration 

values obtained for the leg amputee are the lowest in comparison to all the other scenarios. From this 

information one cannot directly conclude that this scenario ensures less discomfort, because the set-up of 

the virtual experiment is different from all the other: since a foot is missing, the analysis does not take into 

account the vibration transmitted through that foot. Moreover, the methodology described in the standards 

does not refer to people affected by disabilities. The same concept has to be applied to the arm amputee, in 

which case a high level of discomfort is experienced at the other hand that single-handedly holds the 

handle bar. Furthermore, it can be concluded that vibrational comfort in motorcycle is not strictly 

connected to the feet, and the reason for this fact is linked to the riding posture: the body is mainly 

sustained by the saddle, and part of it on the handlebar, and only slightly supported by the feet. The legs 

are thus in a less stiff posture. In contrast, the hands have quite a high impact on the vibrational comfort of 

the motorcycle, a result in line with the findings of Frendo et al. [4]. Moreover, if one hand connection is 

missing, as in the case of an arm amputee, all the vibration is transmitted from the handle bar through the 

single hand considerably rising the RMS value of the hand and this fact shows a noticeable negative effect 

on the vibration comfort. 
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6 Conclusions 

In this paper the authors have proposed a virtual method that can be used to objectively evaluate the 

vibrational comfort during normal ride with a motorcycle using a detailed three-dimensional virtual rider 

in the multibody modeling and simulation environment LMS Virtual.Lab Motion. In the analysis virtual 

human models of able-bodied riders in different riding postures and of people with different disabilities 

have been considered. 

Frequency weighted RMS and VDV have been used to assess the vibrational comfort level of the 

motorcycle considering the frequency range from 4 Hz to 10 Hz to be the most critical. The RMS and 

VDV values have been used as relative indicators for comparison between the scenarios, which has 

indicated a strong dependency on the configuration of the rider-motorcycle system. 

The results obtained highlight the impact of the rider posture and disabilities on the vibrational comfort 

level of the motorcycle. A more erect posture causes the body to become stiffer in the vertical direction 

and therefore tends to increase the RMS and VDV values decreasing the vibrational comfort level. The 

configuration of the arms (position and angle) and of the back has the highest influence on the vibrational 

comfort of a motorcycle. It has been shown that the legs have a low influence on comfort, because they 

provide less support of the body at the footrest as compared to the saddle and handle bar and due to good 

elastic properties at the saddle contact at thighs and buttocks. 

The results reported in this paper underline the importance of the rider posture with respect to vibrational 

comfort of the motorcycle. This fact should be taken into consideration when designing a motorcycle 

suspension such that the normal riding posture and the corresponding saddle, handlebar and footrest 

positions provide a configuration in which the frequency transfer from the road to the rider is minimal. 

Future work will address the validation of the method and the model with measurements. 
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