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Abstract 

In this work, an FEA based methodology is proposed for the accurate prediction of stiffness properties 

of top plate of special application 6-DOF platform. The effect of joint contact conditions on the static 

stiffness and natural frequency of the top plate is analysed and compared with experimental results. 

Top plate is first designed using a simplified finite element model where the joint contact is considered 

to be rigid. The design failed to meet the actual operating conditions when tested experimentally. The 

design is revised using actual loading conditions and introducing realistic joint contact formulation. 

The results obtained are in close agreement with experimental data. Based on the developed 

methodology, a Multi-Objective Genetic Algorithm (MOGA) based optimization study has been 

carried out to reach an optimum design meeting the desired performance with a minimum possible 

weight. Both size and shape of the top plate has been optimized and weight reduction of 5.08 % has 

been achieved using the shape optimization. The performance parameters of final design of top plate 

differ by only 1.43 % for static stiffness and 0.44 % for modal response when compared with the 

experimental results. 
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1. INTRODUCTION 

Parallel Kinematic Manipulators (PKM) have attracted the attention of many researchers in 

the recent past and diversified investigations have been carried out. The presence of various 

serial kinematic chains in these manipulators make them least affected by individual actuator 

positioning error [1] thus resulting in the higher stiffness, redundancy in motion and excellent 

load bearing capacity. These inherent properties make them an ideal candidate in various 

applications such as precision positioning [2, 3], motion simulators, milling operations [4], 

coordinate measuring machines, assembly cells [5] and surgery robots [6] etc. 

      In most of the recent designs of the parallel platforms, the prime focus is on the 

development of small and energy efficient actuators [7]. The objective is to achieve high 

dynamical performance with minimal of excitation force and it could be done by reducing the 

amount of moving masses involved. This reduction can be achieved by using materials with 

high strength to weight ratios, use of advanced kinematical structures and minimizing the 

cross sections of all critical elements [6]. Li [8] has utilized non-holonomic theory to develop 

a four joint parallel chain manipulator that can be driven by using two motors thus reducing 

the actuator load. 

      The mechanical stiffness is an essential criterion for the precise positioning and high 

payload capability [9] and is defined as ability of the system to resist any significant change in 

its geometry under the application of external load [10]. Lower the stiffness, higher are the 

deformations in geometry which are undesirable as they adversely affect the performance of 

system by reducing the static and fatigue strength, dynamic stability, accuracy and efficiency. 

It becomes even critical for applications that require precise motion control with flexible links 
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such as space robots [11]. The stiffness can be quantified numerically by calculating the 

stiffness matrix. Various techniques have been used in the literature for the evaluation of the 

stiffness matrix such as Finite Element Analysis (FEA) [3, 12], the Matrix Structural Analysis 

(MSA) [13-15] and the Virtual Joint Method (VJM) [16, 17]. 

      FEA is the most versatile and reliable methodology among all the techniques, as it 

provides flexibility to model links and joints with exact shape and dimensions. Most of the 

FEA based studies are limited to evaluation of static stiffness of parallel platforms only, for 

example, Wang et al. [18] have analysed the static stiffness of 5-DOF parallel manipulator 

using FEA methodology and validated their simulated results experimentally using a 

developed prototype. Mahboub et al. [1, 19] used FEA technique for validation of a model 

developed for vibration analysis of hexapod table. Parameters such as mass, stiffness, 

damping and inertia of the hexapod’s elements have been taken into account to calculate first 

ten natural frequencies. 

      Mechanical stiffness of parallel manipulators is critically affected by the stiffness of 

joints, which may vary during the operation, as the contact surface of joint varies [6]. In most 

of research work, stiffness of parallel manipulators is evaluated by considering joints as rigid 

with constant stiffness. However, to achieve realistic results, joint stiffness should be 

incorporated in the stiffness analysis by considering them as flexible elements. Ahmad et al. 

[6] have evaluated the effects of the spherical and universal joint stiffness on the static 

behaviour of a haptic device by utilizing the Hertzian contact theory. Static stiffness of a 

kinematic machine tool has been analysed by Bonnemains et al. [20] by taking into account 

the stiffness of spherical joints. 

      Size and shape optimization techniques are used to find the optimal structure and 

geometry for given design respectively [21]. The objective is to optimize thickness 

distribution of structural members and to find optimal shape for the design domain [22]. It is 

an active research area for all types of parallel manipulators. Recently evolutionary based 

optimization techniques such as genetic algorithms are being actively used for performance 

optimization of parallel manipulators [23, 24]. 

      For the case of heavily loaded 6-DOF manipulators, such as used for large simulators and 

patient positioning [2], improper formulation of joint stiffness during the design phase can 

even lead to complete failure of system apart from error in positioning. Joint stiffness 

modelling also has a critical effect on final design characteristics of top plate which contribute 

a major share in heavily loaded platforms [25]. This application area has not been addressed 

in the research and is the focus of current study. The present research proposes a FEA based 

modelling methodology that can realistically predict the actual static and dynamic response of 

top plate of heavily loaded structures by incorporating the actual joint contact conditions. 

      In this work, a reliable stiffness modelling methodology is proposed for a special 

application 6-DOF platform subjected to heavy loads. Effect of joint contact conditions on 

both static and dynamic behaviour of platform's top plate is analysed. Finally the design of the 

top plate has been optimized for size and shape in order to minimize the mass in motion while 

guaranteeing a desired stiffness through-out a regular workspace of the mechanism. Stiffness 

behaviour of optimized design is compared with the available experimental test results. 

2. MODELLING AND METHODOLOGY 

A methodical procedure for analysing the overall stiffness characteristics of heavily loaded 6-

DOF platform’s top plate under different joint contact conditions is presented in this section. 

The flow chart shown in Fig. 1 explains the methodology followed in the current research 

work. 
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Figure 1: Methodology flow chart. 

      Top plate design is of prime importance if operational accuracy and safe working of such 

6-DOF systems is to be ensured. The main emphasis of the proposed analysis methodology is 

to optimize the dynamic response of the top plate. Thus the primary objective is to design a 

light weight structure with maximum possible frequency. 

      FEA simulations using ANSYS workbench environment are performed to determine the 

stiffness characteristics of top plate. Pre-stress modal analysis is used to simulate the static 

and dynamic response of top plate. Static stiffness is measured in terms of total deformation 

while dynamic response is evaluated in terms of modal frequencies. Top plate material is 

taken as structural steel (ASTM A36). Hex dominant mesh is utilized and mapped face 

meshing is applied for rib structure. A mesh independence study has been conducted on the 

initial pre-optimized design. Based on the study, it is found that any model with mesh 

nodes ≥ 138,000 and mesh elements ≥ 20,000 is independent of mesh. Thus models for both 

initial and pre-optimized designs have been selected with the mesh in this range. The 

following sections discuss the major steps of methodology in detail. 

2.1  Top plate design 

The various design requirements of the top plate are as follows: it must withstand the payload 

weight of 20 ton, maximum static deflection must not exceed 4 mm, operational frequency is 

3.0 Hz and to ensure safe working a Factor of Safety (FoS) of 3.0 is set as design criteria for 

modal response. Irregular hexagon shape is considered for top plate design, shown in Fig. 2 a. 

Three joint attachment points are located at an angle of 120
o
 along the three small sides to 

control the platform’s 6-DOF motion. To keep the stiffness analysis simple, joint attachments 

with the top plate are modelled as rectangular cavities for simulating the joint contact 

conditions. A hollow rib patterned top plate structure is used in order to fulfil the objective of 

light weight design. 

2.2  Simplified modelling 

In the simplified modelling stage the contact stiffness of joints is ignored by assuming that 

joints are rigidly attached with the top plate. This scenario is achieved by considering the joint 

surfaces as rigid boundaries i.e. complete surface of joint is making contact with top plate in 

order to support the load. As a result all surfaces of joint cavity are modelled as fixed support. 

A solid modelling tool is utilized for the parametric modelling of the initial design of top plate 

structure. The developed top plate model with simplified joint conditions is then used for the 
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FEM analysis and a preview of the mesh utilized is shown in Fig. 2 b. To simulate the effects 

of 20 ton task load, equivalent pressure force is applied at centre of top plate, shown in 

Fig. 2 c, with details given in Table I. Both static and dynamic behaviours of top plate are 

analysed for volume (rigid) joint contact. 
 

                  

Figure 2: Initial (pre-optimized) design of top plate: a) rib structure and joint attachment points;  

b) preview of mesh used; c) force applied. 
 

      The governing equations for calculating the total deformation u of the top plate is given 

by: 

{𝑢} = [𝐾]−1{𝐹}      (1) 

where u is the displacement vector, [K] is the stiffness matrix and {F} is the equivalent load. 

      Eigen value problem is solved and modal frequencies, ωi and corresponding mode shapes, 

Xi (i = 1, 2, …, 6), are calculated to evaluate the modal characteristics. Eq. (2) is used to 

calculate both parameters. 

[[𝐾] − 𝜔2[𝑀]][𝑋] = 0     (2) 

where [M] is the mass matrix. The modal frequencies, ωi are calculated by equating 

determinant (Δ) of coefficient matrix to zero: 

|𝑘𝑖𝑗 − 𝜔2𝑚𝑖𝑗| = 0        (3) 

      Mode shapes are calculated using: 

[𝐴]{𝑋} = 𝜆{𝑋}         (4) 

where, 𝜆 = 𝜔2  and [𝐴] = [𝑀]−1[𝐾]. Modal frequencies and corresponding total deformation 

of the structure is evaluated for the first six modes. 

      For validation of FEM results, the following experimental procedure is proposed: 

a) Experimental model of top plate is developed based on the design using simplified 

modelling. 

b) Top plate is assembled with the joints to complete the 6-DOF mechanism. 

c) Actual loading is applied and the static deflection is noted. 

d) Mechanism is tested for operating conditions to calculate the fundamental resonant 

frequency. 

Table I: Task load specifications. 

Weight 20 ton 

Diameter 2.5 m 

Height 6.0 m 

C.G. 2.0 m from base  

Mass moment of inertias 

Ixx 6.12  107 t·mm² 

Iyy 2.33  107 t·mm² 

Izz 6.12  107 t·mm² 

a) b) c) 
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      Physical experimental prototype is constructed to verify the results obtained through 

simplified FEA modelling. The deviation from the experimental results would ascertain the 

amount of accuracy to which the simplified model is implemented to the problem. 

Improvement in the procedure adopted, if any, is to be made by taking into account 

percentage relative error criterion. Further discussion and comparison of results are presented 

in section 3. 

2.3  Detailed modelling 

In the detailed model, the contact stiffness of joints is incorporated by simulating different 

types of contact that joints can make with top plate. The nominal area contact and line contact 

conditions are proposed to calculate the contact stiffness of joints, respectively. At first, a 

surface and then a line of rectangular joint cavities are given as fixed support boundary 

condition to simulate these effects. The static and dynamic responses of top plate are analysed 

for each of the two joint contact conditions. Instead of applying pressure force actual load is 

modelled and applied on the top plate to analyse the stiffness behaviour of top plate with the 

task load. The details of task load modelled are given in Table I. 

      A similar procedure, as used for simplified modelling, is adopted to verify the detailed 

modelling results i.e. results from a physical experiment are correlated with the detailed 

analysis results to determine their accuracy. The same criterion of percentage relative error is 

used for this instance to find the deviation from actual results. 

2.4  Top plate optimization 

Once the correct boundary conditions have been identified and stiffness parameters of initial 

design of top plate have been validated using the experimental results. The structure of top 

plate is optimized to have desired stiffness characteristics, i.e. maximum allowable deflection 

of 4 mm and minimum 1
st
 modal frequency of 9 Hz, with the minimum overall weight. For 

this purpose a two-step approach is proposed: 

a) Size of top plate is optimized to achieve the desired static and dynamic characteristics. 

b) Shape of top plate is optimized in order to have a structure with minimum possible mass 

while satisfying the desired stiffness requirements. 

      For said purpose, a goal driven optimization study on top plate has been carried out using 

ANSYS design exploration module and response surface optimization tool is utilized. In first 

phase, response surfaces of desired outputs, for variation in given input (design) parameters, 

are generated using Response Surface Methodology (RSM). 2
nd

 order polynomial method has 

been utilized for generation of these surfaces. In the next phase, based on generated response 

surfaces, Multi-Objective Genetic Algorithm (MOGA) optimization technique is employed to 

obtain optimum design candidates. An initial population size of 100 samples with an equal 

number of samples for each iteration has been used and three candidate designs have been 

generated. Finally, the best design meeting the desired objectives and constraints is selected. 

      In size optimization, the overall height and rib thickness of top plate are chosen as design 

variables to be optimized to achieve desired static and dynamic response of top plate under 

the effect of fixed task load. The minimum weight of top plate is also used as an additional 

objective in this step. 

      Once the top plate design meeting the desired performance characteristics has been 

achieved using size optimization, the shape of the top plate is optimized with the objective of 

having a structure with minimum possible weight. For this purpose the structure height at 

centre is kept fixed while height at outer section is optimized for weight reduction. The 

optimized structure thus bear desired static and dynamic behaviour but with the minimum 

possible mass. 
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      The same procedure, as adopted for simplified and detailed modelling, is adopted to verify 

the results of optimization. The FEM results for final optimized design are correlated with 

experimental results. Percentage relative error between the two values has been utilized as 

validation criterion for simulation results. 

3. RESULTS AND DISCUSSION 

Static stiffness results are evaluated in terms of total deformation of the top plate while the 

dynamic response is measured in terms of modal frequencies. The first modal frequency is of 

prime interest as it is the lowest frequency at which the structure would resonate when 

subjected to operating conditions, so the result evaluation is primarily based on checking the 

first modal frequency. 

      As the FoS for the current design is set to 3.0, it corresponds to a minimum 1
st
 modal 

frequency of 9 Hz while keeping the static deformation within the allowable limit of 4 mm for 

final design of structure. 

3.1  Initial design of top plate 

For initial design of top plate the free modal analysis has been conducted to determine the 1
st
 

natural frequency of top plate while static deformation of top plate under its own weight has 

been calculated. The 1
st
 natural frequency obtained was 21.03 Hz which is approximately 

seven times the operating frequency while static total deformation was 0.76 mm. As the 

results obtained from initial analysis were meeting the objectives set in terms of FoS, so this 

design was selected for further evaluation of its stiffness behaviour under loaded mode. 

3.2  Simplified modelling results 

To apply the proposed analysis methodology to the structure, a parametric model of initial 

design of top plate is generated according to the specifications presented in Table II. 

Table II: Final specifications of designed top plate (pre-optimized). 

Top plate mass  2.64 ton 

Top plate height  80.0 mm 

Upper /Lower plate & rib thickness  10.0 mm 

Length of longer side  4460 mm 

Length of shorter side  800 mm 

Circumscribed diameter  7000 mm 

Circular rib diameter  1000 mm 

Joint attachment geometry  500  300  50 mm3 

      Based on FEA analysis of top plate with simplified boundary conditions the static total 

deformation obtained is 4.24 mm and 1
st
 modal frequency is 4.36 Hz. The contours for static 

total deformation and mode shape for first frequency are shown in Figs. 3 a and 3 b 

respectively. 

      To validate the results from simplified FEM model, a physical prototype of the selected 

test case has been developed and tested experimentally. The static deflection at the centre of 

top plate, under the application of actual task load, is measured with the help of delta strain 

rosettes. For said purpose, strain gauges were applied at the lower surface of top plate. The 

mechanism is further tested for actual operating conditions and vibration data is collected 

using accelerometers. Frequencies have been extracted from vibration spectrum obtained from 

accelerometer data. Four different tests have been conducted and results for static deformation 
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and 1
st
 modal frequency are given in Table III. The average value of these results has been 

taken for comparison. It was observed that the structure started to resonate when tested under 

realistic operating conditions with an average value of frequency of 2.92 Hz as compared to 

estimated value of 4.36 Hz. The measured static deflection of structure was 12.98 mm almost 

three times higher than predicted value of 4.24 mm. Therefore, the current assumption of rigid 

joint behaviour in the FEA modelling failed to predict the actual behaviour. A comparison of 

simplified FEM modelling with experimental results has been given in the first row of Table 

IV in the form of relative percentage error. 

   

Figure 3: Simplified FEM results: a) static total deformation contours; b) mode shape for 1st mode 

frequency. 

      The average relative error for 1
st
 modal frequency is 49.32 % and for static deformation a 

value of 67.33 % is obtained. The error values obtained are beyond the acceptable range  

of ≤ 10 %, which motivated the development of a more detailed model. 

Table III: Experimental results for top plate (pre-optimized). 

Experiment No. P1 P2 P3 P4 Avg. value 

Static (mm) 12.80 13.60 12.80 12.70 12.98 

1
st
 modal freq. (Hz) 2.80 2.70 3.00 3.20 2.92 

3.3  Detailed modelling results 

As part of detailed modelling an iterative procedure is adopted in which joint contact 

conditions are changed systematically until a desired accuracy is obtained between the FEM 

and experimental results. 

      At first an area joint contact condition is analysed. Considering the area contact between 

joints and top plate, the static deformation obtained is 5.04 mm and 1
st 

modal frequency is 

4.20 Hz. The area contact results when compared with rigid joint condition, as shown in Figs. 

4 a and 4 b, show a drop in 1
st
 natural frequency and an increase in static total deformation 

moving closer to experimental values. 

      In order to get more accurate results another contact condition i.e. one line of joint making 

contact with top plate is considered. The results obtained depict a sharp increase in the static 

deformation from 5.04 mm to 12.63 mm, Fig. 4 a, and drop in 1
st
 resonant frequency from 

4.20 Hz to 3.13 Hz, Fig. 4 b, predicting values very close to experimental results. 

      The results from detailed FEM modelling are compared with the average experimental 

results, presented in Table IV, in order to validate their accuracy in predicting the actual 

behaviour. The average relative error for static total deflection and 1
st 

modal frequency using 

area joint contact condition are 61.17 % and 43.84 % respectively. Although the results 

a) b) 
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indicate higher accuracy compared to rigid joint contact but the relative error for this scenario 

is still far away from the acceptable range. 

      For line contact condition the relative error obtained for static deformation and 1
st
 modal 

frequency are 2.70 % and 7.19 % respectively. The errors for this case are within acceptable 

range of ≤ 10 %. Figs. 4 a and 4 b compare the average experimental value with variation of 

static total deformation and 1
st
 resonant frequency for three joint contact conditions 

considered. By observing these figures, it could be ratiocinated that the line contact condition 

gives a more realistic prediction of overall stiffness behaviour for the top plate and should be 

utilized while designing these types of structures. 

Table IV: Relative error between the average experimental and FEM results. 

FEA model Joint contact type Static deflection 1
st
 modal frequency 

Simplified model Rigid joint contact 67.33 % 49.32 % 

Detailed model 
Area joint contact 61.17 % 43.84 % 

Line joint contact 2.70 % 7.19 % 

 

   

Figure 4: Variation with joint contact: a) static deformation; b) 1st mode frequency. 

3.4  Top plate optimization 

In size optimization, the cross sectional area of ribs is optimized by altering their aspect ratio. 

Thus, the two design variables for the size optimization problem are rib height and rib 

thickness, respectively. The overall height of top plate is dependent on these two parameters 

and is given by: 

Overall height of top plate = Rib height + 2  Rib thickness 

      The optimization problem is formulated below. 

      Objectives: 

   Maximize  Frequency (Hz) 

   Minimize  Total deformation (mm) 

   Minimize  Top plate mass (ton) 

      Constraints: 

 80 ≤ Rib height (mm) ≤ 220, 8 ≤ Rib thickness (mm) ≤ 16 

      The response of 1
st
 modal frequency and static deformation against the design variables, 

for the case of size optimization, are shown in Figs. 5 a and 5 b. The resonant frequency varies 

almost linearly with the increase in height and thickness but is more sensitive to height of 

structure. The static deformation decreases exponentially with height and linearly with 

thickness. 

a) b) 
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      Setting the frequency maximization objective as goal, MOGA optimization method has 

been employed to determine the optimum design within the design space. The optimum 

candidate designs obtained as result of size optimization are presented in Table V. As the 

objective was to optimize the dynamic response of top plate so the candidate having the 

maximum frequency , i.e. candidate design C, is selected as the optimum design for further 

analysis. 
 

  

Figure 5: Response surfaces (size optimization): a) static deformation; b) 1st mode frequency. 

Table V: Optimum candidate points obtained using MOGA (size optimization). 

Candidate 

point 

Top plate Static 

deformation 

(mm) 

1
st
 modal 

frequency 

(Hz) 

Top plate 

mass 

(ton) 
Height 

(mm) 

Width 

(mm) 

A 246 14 1.71 9.70 4.714 

B 238 14 1.75 9.56 4.718 

C 247 14 1.70 9.74 4.722 

      The shape of structure is optimized, in the next stage, to achieve a lightweight structure 

meeting the desired stiffness characteristics set for final design. For this purpose the shape of 

the top plate was varied so that its height at the centre section was kept fixed while material 

was removed from the outer sections (Fig. 6). Optimum height of ribs for the outer section is 

determined using RSM and MOGA optimization. The optimization problem formulated is 

shown below. 

      Objectives: 

   Minimize  Top plate mass (ton) 

      Constraints: 

   Frequency ≥ 9 Hz 

   Static total deformation ≤ 2 mm 

   60 ≤ Rib height at outer section (mm) ≤ 180 

      The optimum candidate designs obtained as results of MOGA are presented in Table VI. 

Candidate design B is selected as final optimized design of top plate as it meets the desired 

frequency target with minimum top plate mass. Comparison of weight of this final design 

with the design obtained though size optimization shows that via shape optimization the 

weight of top plate has been reduced from 4.72 ton to 4.48 ton. Thus a weight reduction of 

5.08 % has been achieved by employing the shape optimization. 

 

a) b) 
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Table VI: Optimum candidate points for shape optimization using MOGA. 

Candidate 

point 

Top plate 
Static 

deformation 

(mm) 

1
st
 modal 

frequency 

(Hz) 

Top plate 

mass 

(ton) 

Outside 

height 

(mm) 

Width 

(mm) 

A 201 14 1.42 9.00 4.482 

B 201 14 1.42 8.99 4.480 

C 200 14 1.43 8.94 4.457 

 

      The parametric model of this final optimum design, shown in Fig. 6, has been developed 

according to specification given in Table VII and stiffness behaviour has been analysed in 

detail using ANSYS pre stress modal analysis. The static deflection and 1
st
 modal frequency 

obtained are 1.42 mm and 8.99 Hz, respectively. Static deformation and 1
st
 mode shape 

contours of the final design of top plate are same as shown in Fig. 3. 

  

Figure 6: Final shape of optimized top plate: a) outer structure; b) rib structure. 

Table VII: Specifications of final optimized design. 

Top plate mass 4.48 ton 

Top plate height at centre 247 mm 

Height of outer section 201 mm 

Upper/lower plate & rib thickness 14.0 mm 

Circular rib diameter 1000 mm  

Joint attachment geometry 500  300  160 mm3 

      A physical model of final optimized structure has been developed and experimental 

testing is performed to determine the actual stiffness characteristics. The test conditions and 

procedure for measurement is same as described in section 3.2 for simplified modelling. The 

results obtained from experiment are presented in Table VIII. The average percentage error 

for static deflection is 1.43 % and 0.44 % for 1
st
 resonance frequency. The results obtained 

from final optimized FEM model and experimental design are in close agreement thus 

validating the proposed FEA methodology. 

Table VIII: Experimental values for top plate (optimized design). 

Experiment No. P1 P2 P3 P4 Avg. value 

Static (mm) 1.30 1.40 1.40 1.50 1.40 

1
st
 modal freq. (Hz) 9.50 8.90 8.90 8.80 9.03 

a) b) 
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4. CONCLUSIONS 

An accurate simulation driven stiffness modelling methodology has been proposed in this 

work for top plate of a special application 6-DOF platform i.e. subjected to heavy loads. Both 

static and dynamic characteristics, in terms of total deformation and modal frequency, are 

analysed. The FEM results have been verified with those obtained through experimental 

testing. Three different joint contact scenarios have been analysed to reach a model that 

closely predict the actual behaviour. Analysis depicts that by taking into account the contact 

stiffness of joints; the average relative error between FEA and experimental results has been 

reduced from 49.32 % to 7.19 % for 1
st
 mode frequency and from 67.33 % to 2.70 % for static 

deflection of top plate. Thus the application of correct boundary conditions at joints play a 

critical role in realistic prediction of the actual behaviour of heavily loaded 6-DOF parallel 

platforms. At the end, MOGA based size and shape optimization technique has been used to 

reach an optimal design that meets the required stiffness characteristics. A weight reduction of 

5.08 % has been achieved through shape optimization. Final optimized design of the top plate 

showed very good agreement with experimental results with an average relative error of 

1.43 % and 0.44 % for static deflection and 1
st
 natural frequency respectively. 
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