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Abstract. SPR is a cold mechanical joining process in which multiple sheets of material are 

riveted together without the need for a predrilled hole. It works by pushing a typically semi-

tubular rivet into a target stack of material, during which the plastic deformation of the material 

and rivet are such that a mechanical lock is formed within the material stack. The process is used 

extensively in the automotive industry in car body construction, and is a competing technology 

to more established joining techniques such as resistance spot welding. As part of the ongoing 

development of the technique, there is a strong need to understand and simulate the dynamics of 

the process. In this work, a lumped parameter model of the SPR system with a non-parametric 

model of the joint is presented. Simulated results are compared with experimental data for a 

given joint configuration. Furthermore, the model is used to highlight the significance of the 

compliances within the system. It is shown that during rivet insertion, the stiffness of the C-

frame structure is an influential factor in determining the dynamic response of the system. The 

results provide the basis for a more comprehensive sensitivity analysis into the factors which 

affect the quality of the resulting joint. 

1.  Introduction 

Self-piercing riveting (SPR) is a cold mechanical joining process in which multiple sheets of material 

are riveted together without the need for a predrilled hole. It works by punching a typically semi-tubular 

rivet into a target stack of material, during which the plastic deformation of the material and rivet are 

such that a mechanical lock is formed within the material stack. The rivet does not typically fully pierce 

the bottom sheet of material, and in many joint designs does not protrude above the top surface. The 

typical riveting sequence can be visualised in figure 1(a) and a diagram of a SPR setter assembly is 

shown in figure 1(b). 

In the servo SPR process, the upsetting force required to form the joint is provided by the C-frame 

structure. The punch is actuated by a servo motor via a roller screw mechanism. The initial velocity of 

the punch is controlled to determine the amount of kinetic energy input into the joining process. 

SPR is used extensively in the automotive industry in car body construction as it offers many 

advantages over traditional joining techniques such as resistance spot welding [1]. Car manufacturers 

are increasingly using novel materials which are stronger, lighter, but also more difficult to join. These 

http://creativecommons.org/licenses/by/3.0
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new demands often represent a rise in the loads, stresses, and operating speeds of the fastening 

equipment. There is a growing necessity for model-based analysis and design, which can drive further 

development of the SPR technique and offer insight into the sensitivities of the process, while 

minimising the amount of experimental effort required. 

 

 

Clamping 

 

 

Piercing 

 

Flaring 

 

Release 

(a) (b) 

Figure 1. (a) Stages of the rivet insertion process. (b) Illustration of a servo SPR setter assembly. 

 

In the existing literature, the modelling of the SPR process has been predominantly addressed via 

finite element (FE) methods [2-5]. The number of variables in a typical SPR process makes it a complex 

subject to model. In [6] Haque compiled a detailed but by no means exclusive list of factors which are 

known to affect the quality of the joint. However, studies which take a model-based approach to 

investigating the sensitivity of the process, such as [7] and [8], have focused solely on the interactions 

at the rivet-material level and do not account for the response of the overall SPR system. 

There remains a gap in the existing body of work relating the performance of the full riveting system 

and the resulting joint. While the effects of the rivet and die properties have traditionally been the subject 

of investigation, the other components within the system, such as the motor, the mechanical 

transmission, the C-frame, etc. might have a key influence on the riveting process yet little work has 

been published in this regard. The knowledge base on SPR would benefit substantially from a 

comprehensive sensitivity analysis involving the full riveting system. 

Works dealing with other joining and forming systems provide useful insight into the identification 

of models for related processes. The study of a servo-screw press in [9] alluded to the use of force-stroke 

curves to simulate the dynamic loading of a deep drawing process, and to assess its influence on the 

drive. In [10], Behrens et al. investigated the interactions between a forming machine and a workpiece, 

by simulating the respective models separately in their own environments via an “offline-coupling” 
method. A cold forging press was the subject of investigation in [11], in which the stiffnesses of the 

press and the tooling were implemented in the FE process simulation as linear spring elements. Parallels 

can be drawn between the aforementioned processes and the SPR process. The compliances in the SPR 

system, the model of the workpiece or the joint, and its interaction with the model of the riveting 

equipment are all critical factors in the accuracy of the simulation. 

To better understand the SPR system, it is noted that it is the influence of the machine on the 

workpiece which is ultimately of interest. A FE approach to the modelling of the SPR system may be 
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impractical. In contrast, a lumped parameter model is considered more suitable for the purposes of 

gaining insight into the main dynamics and sensitivities of the process. The mechanical, electrical and 

digital domains can be easily expressed in a single simulation environment, and furthermore, the low 

computational cost facilitates iterative analyses. Regarding the model of the joint, it remains to be 

established if anything short of a full FE model would be capable of representing the joint to the desired 

level of detail. This paper examines the interaction between an analytical model of the riveting 

equipment and a non-parametric model of the SPR joint. The model of the SPR process is used to predict 

the response of the system, and furthermore, to show how the compliances within the system affect its 

response at the riveting interface. 

The structure of this paper is as follows: the next section explains the experimental setup. Then, the 

modelling of the SPR process is presented. This is followed by results and discussion around the model-

based analysis. Ultimately, the conclusions and future work are highlighted. 

2.  Test Setup 

The test rig consists chiefly of a servo SPR setter assembly, as illustrated in figure 1(b). Data are 

collected on various data loggers and synchronised in post-processing. Measurements are taken on a 

cycle-by-cycle basis, with each cycle being a full sequence of advance, rivet insertion, and retraction of 

the punch. The main measurements are as follows: angular velocity and displacement of the motor, 

relative velocity and displacement between the punch and die, the process force and the motor current. 

Due to lack of direct visibility of the rivet during the insertion process, the insertion of the rivet into 

the stack of material is inferred from the motion of the punch relative to the die, which is observed using 

a high speed camera. It is assumed that the interface between the punch and the rivet head, as well as 

the bottom sheet of material and the die remain in contact throughout the loading part of the riveting 

process. The process force is measured using a load cell located below the die. 

3.  Modelling 

The SPR process was considered as three major subsystems: the Control Unit, the Setter Assembly and 

the Joint. An illustration of the model is presented in figure 2. 

 

Figure 2. Sketch of the model structure of the system. The control structure is shown on the left with 

arrows indicating the signal flow, and the setter assembly is shown on the right. 
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3.1.  Setter assembly 

The riveting machine was simplified to a six degree-of-freedom system. The model was developed in 

MATLAB/Simulink via a physics-based approach, in which equations of motion were derived from first 

principles, and parameter values were either obtained from datasheets or identified experimentally.  

The governing equation for the motor is expressed as: 

ሷ୫ߠ୑ܬ  ൌ ܶୣ െ ܴଵଶܭୠ ൬ߠ୫ െ ܴଶܴଵ ୐൰ߠ െ ܴଵଶܥୠ ൬ߠሶ୫ െ ܴଶܴଵ  ሶ୐൰ (1)ߠ

Where ܬ୑ is the inertia of the motor and pulley, ߠ୫ is angular displacement of the motor, ܶୣ  is the 

electromagnetic torque, ܴଵ and ܴଶ are the radii of the driving and driven pulleys respectively, ܭୠ is the 

belt stiffness, ߠ୐ is the angular displacement of the driven pulley, and ܥୠ is the belt damping constant.  

Equation (2) describes the dynamics of the roller screw mechanism. 

ሷ୐ߠୱୣ୲୲ୣ୰ܬ  ൌ ܴଵܴଶܭୠ ൬ߠ୫ െ ܴଶܴଵ ୐൰ߠ ൅ ܴଵܴଶܥୠ ൬ߠሶ୫ െ ܴଶܴଵ ሶ୐൰െߠ ൬ܨ୐ܲ୦ʹߨ ൅ sign൫ߠሶ୐൯ ʹ଴ܦ୐ܨ ୮୰ୟୡߤ ൅  ሶ୐൰ߠ୰ܤ
(2) 

Where ܬୱୣ୲୲ୣ୰ is the inertia of the rivet setter, ܲ୦ is the lead of the roller screw, ܦ଴ is the nominal 

diameter of the nut, ߤ୮୰ୟୡ is the coefficient of friction, and ܤ୰ is the viscous friction coefficient. ܨ୐ is 

the force transmitted axially through the shaft of the roller screw during the riveting operation, defined 

as: 

୐ܨ   ൌ ୰ݔ୰൫ܭ െ ୮ୡ൯ݔ ൅ ሶ୰ݔ୰൫ܥ െ  ሶ୮ୡ൯ (3)ݔ

Where ܭ୰ and ܥ୰ are the effective stiffness and damping constants of the roller screw, ݔ୰ is the axial 

displacement of the roller assembly, and ݔ୮ୡ is the displacement of the coupler. The coupler connects 

the output shaft of the roller screw mechanism to the punch and is also a critical component in the 

generation of the clamping force. The governing equation for the coupler is formulated as: 

 ݉୮ୡݔሷ୮ୡ ൌ ୐ܨ െ ୮ୡݔ୮୪୮୳൫ܭ െ ୮୳൯ݔ െ ሶ୮ୡݔ୮୪୮୳൫ܥ െ ሶ୮୳൯ݔ െ  ୡ୪ୟ୫୮ (4)ܨ

Where ݉୮ୡ  is the mass of the coupler, ܭ୮୪୮୳  is the effective stiffness of the plunger-punch 

subassembly, ݔ୮୳ is the displacement of the end of the punch, and ܥ୮୪୮୳ is the effective damping in the 

plunger-punch subassembly. ܨୡ୪ୟ୫୮ is the clamping force applied by the clamping tube on the stack of 

material, and is dependent on the relative motion between the coupler and the clamping tube. The details 

are not included here due to limited space.  

The dynamics of the clamping tube are described by: 

 ݉୬ݔሷ୬ ൌ ୡ୪ୟ୫୮ܨ െ  ୫ୟ୲ (5)ݎ

Where ݉୬ is the mass of the clamping tube and ݔሷ୬ is its acceleration. ݎ୫ୟ୲ is the restoring force of 

the material stack under compression, which is defined in section 3.2.   

The riveting force ݎ is transmitted directly through the plunger-punch subassembly, which is treated 

as a single component. Its equation of motion is expressed as: 

 ݉୮୪୮୳ݔሷ୮୳ ൌ ୮ୡݔ୮୪୮୳ሺܭ െ ୮୳ሻݔ ൅ ሶ୮ୡݔ୮୪୮୳ሺܥ െ ሶ୮୳ሻݔ െ  (6) ݎ

Where ݉୮୪୮୳ is the mass of the plunger-punch subassembly. ݎ is defined in section 3.2.   

The C-frame is modelled as mass-spring-damper system, the parameters of which are identified using 

a high-speed camera. The C-frame and setter are treated as two separate subsystems which interact only 

via the SPR joint. Equation (7) describes the dynamics of the C-frame. 
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ሷୢݔୢ݉   ൌ ݎ ൅ ୫ୟ୲ݎ െ ୢݔୡܭ െ  (7) ୢݔୡܥ

Where ୢݔ is the displacement or deflection of the C-frame. 

3.2.  SPR joint 

The modelling of the SPR joint was framed as a nonlinear system identification problem, to which the 

restoring force surface (RFS) method was well suited. The technique as described in [12] and its variant 

in [13], were used as a reference in the development of the model. The individual responses of the system 

to multiple riveting cycles were collected into a single dataset representing its response to a series of 

impulse excitations. 

Regarding its interactions within the full system model, the joint was considered as a nonlinear 

element which generated a restoring force according to the extent and rate of its compression, i.e. the 

displacement and velocity across the nonlinear element, or the punch-die relative displacement. 

Variations of the model of the joint were evaluated: 

1. The RFS as a three dimensional surface, shown in figure 3(a). 

2. A two dimensional polynomial curve defined in force vs. displacement, shown in figure 3(b). 

 

  
(a) (b) 

Figure 3. (a) Restoring force surface. (b) Force-displacement characteristic. 

 

With reference to figure 3(b), the velocity dependence of the given joint configuration was assumed 

to be negligible, based on the repeatability of the force-displacement profiles across the range of setting 

velocities 100 – 300 mm/s. Therefore, for characterising the given joint configuration, the simpler model 

defined in force-displacement was considered adequate. The riveting force ݎ was defined as a seventh-

order polynomial function f: 
ݎ  ൌ f൫ݔ୮୳ െ  ൯ (8)ୢݔ

The restoring force of the material under clamping was defined as: 

୫ୟ୲ݎ  ൌ ୬ݔ୫ୟ୲ሺܭ െ ሻୢݔ ൅ ሶ୬ݔ୫ୟ୲ሺܥ െ  ሶୢሻ (9)ݔ

Where ܭ୫ୟ୲ is the effective stiffness of the material, ݔ୬ is the displacement of the clamp tube, and ܥ୫ୟ୲ is the effective damping constant of the material. 

4.  Results and Discussion 

4.1.  Simulated riveting process 

The performance of the full model was assessed via the comparison of experimental and simulated data. 

Figure 4(a) shows the punch-die relative displacement and force traces for the loading part of a riveting 
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process. Figure 4(b) shows the relative velocity and force from the same run plotted against the relative 

displacement. The relative displacement represents the extent of rivet insertion into the material, and the 

relative velocity represents the rate of rivet insertion. 

  
(a) (b) 

Figure 4. Comparison between simulated and experimental data, (a) Relative displacement and force 

vs. time, (b) Relative velocity and force vs. relative displacement. 

 

Good agreement in the results are observed up to 0.07 s in time or 4.5 mm in displacement, at which 

point the simulated traces start to deviate from the experimental data. The issue can be attributed to two 

main factors: firstly, the behaviour of the material under the clamping load was not adequately modelled, 

leading to a faster build-up of clamping force through the riveting process. Secondly, the rivet insertion 

was characterised using the total process force rather than the actual force transmitted through the rivet, 

hence the simulated riveting force was larger than desired, leading to the simulated total force being 

higher than that observed experimentally.  

In order to improve the performance of the model, the direct measurements of either the riveting 

force or the clamping force are necessary. Knowing either component of the total process force will 

allow the other to be calculated. Better characterisation of the material behaviour under clamping would 

further improve the accuracy of the model. 

4.2.  Model-based analysis of the effects of the C-frame stiffness 

The effect of the static and dynamic properties of the C-frame on the joint was of particular interest. The 

effective stiffness of the C-frame model was varied to examine how the changes influenced the punch-

die relative motion. Three different values were chosen to represent a low, intermediate and high 

stiffness in the range of stiffnesses of real C-frame types. All other variables in the simulation were kept 

the same, including the process parameters and the joint configuration. The simulated results are shown 

in figure 5. 

From figure 5(a) it can be seen that at the given setting velocity, the stiffness of the C-frame has a 

notable effect on the process force. The maximum force increases with C-frame stiffness, which is not 

surprising when considering the conversion of the kinetic energy of the setter into stored strain energy 

of the C-frame. In figure 5(b) the traces represent the extent of the simulated rivet insertion. The overall 

displacement increases for C-frames of larger stiffnesses, as a consequence of the larger process force 

generated. In figure 5(c), up to 0.055 sec, the oscillatory response of the punch relative to the die is due 

to the initial riveting load. Taking the case of the intermediate stiffness, ܭୡǣ136646000 N/m, the 

frequency of the initial oscillations is 200 Hz, which matches the natural frequency of the C-frame. The 

oscillation of the C-frame implies oscillation of the die, which is expected to directly affect the forming 

of the joint and the joint quality. The results strongly suggest that the dynamics of the C-frame dominate 
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the response of the system at the riveting interface, and therefore significantly influence the rivet 

insertion process. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Effects of changing the effective stiffness ܭୡ of the C-frame. (a) Force vs. time, (b) Relative 

displacement vs. time, (c) Relative velocity vs. time. 

 

In light of the results, a question is raised over the one of the underlying assumptions in the modelling 

of the joint: that the force-displacement characteristic curve for the joint was independent of the 

compliance of the system on which it was identified. Having argued that the dynamics of the C-frame 

significantly influence the riveting process, it can also be argued that the characterisation of a joint 

configuration on a particular system may yield a model which is specific to that system. Further joint 

identification on different C-frame types is required to verify the validity of the assumption. 

The current study may have implications for the body of work relating to the FE-based modelling of 

the SPR process, in which the dynamic response of the riveting machine and C-frame are broadly 

unaccounted for. These approaches may be representative of the SPR process on traditional hydraulic 

systems, where the mode of rivet insertion can be considered as quasi-static loading. However, in the 

case of inertia-based servo systems the inertial effects are believed to play an important role, and 

therefore should be included in modelling of the process. 

5.  Conclusion 

A lumped parameter model of the SPR process has been created in MATLAB/Simulink. 

The simulated response of the system has been compared against experimental results for a given 

joint configuration. Partial agreement indicates that dynamics in the riveting system have been suitably 
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captured in the model during the initial phase of rivet insertion. Assuming that the force-displacement 

characteristic of the joint is not affected by the compliance of the system on which it is identified, the 

simulated results suggest that the dynamic response of the machine at the riveting interface is 

significantly influenced by the dynamics of the C-frame. 

Further work should be focused on the identification of the different components of the total process 

force, and also characterisation of different types of C-frames in order to validate the results of the 

model-based analysis. Another area of interest would be how the dynamics of the C-frame affect the 

quality of the joint. The findings of this work form the basis for a more comprehensive sensitivity 

analysis of the servo SPR system. 
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