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Abstract 

Passenger safety in a vehicle collision is an extremely important aspect in vehicle design. The evolution in terms 

of materials as well as the introduction of new materials in the transportation vehicles has been significantly 

increasing the efficiency of the vehicles given the decrease of the weight. In this thesis, the studied component is 

a Crash Box whose main function is the energy absorption in case of a collision. 

In the case of Crash Box with dissimilar materials or aluminum alloys, current joining techniques are limited in the 

joining of sheets while maintaining the strength of the component. There is a constant need of new techniques that, 

in addition to allowing the connection of new or dissimilar materials must have a high production rate and low 

energy consumption, which could improve the production, cost and reduce the ecological footprint. 

This thesis intends to give a new solution to the problems mentioned previously, by validating the applicability of 

the Mortise and Tenon joining technique, maintaining the resistance of the component while it could reduce the 

cost of production and the carbon footprint in terms of mass production. 

For that, a study on the sizing of the joint components was carried out recurring to numerical and experimental test. 

Subsequently the viability of the energy absorption capabilities of this joining technique were carried out by means 

of destructive testing in order to compare it with the Spot Welding technique, which is the most used technique on 

the joining of these components. 

Introduction 

Occupant safety is a critical aspect in the development of a vehicle. There are many safety systems in the car, 

some are implemented to absorb energy when a crash occurs and others are installed to prevent the crash (Smart 

Anti Collision Systems).in terms of energy absorption systems some are activated externally (Air Bags) and others 

are activated by the crash itself (Crash Box). In terms of this paper, the focus will be on the Crash Box since, right 

next to the bumper, it’s the first mechanical energy absorption system activated. 

The energy absorption and transmission along the chassis is what makes the occupants safe and what prevent 

injuries but it also makes the vehicle repairable. These components are designed to be replaceable parts in the 

event of a crash that damages them. 

Nowadays, with the evolution of materials, many low weight and high strength materials were introduced in the 

vehicle. Therefore, there is a need to create processes to join these systems. The only problem that exists today 

is the fact that connecting these materials to other different materials or even the same is difficult, and sometimes 

the current techniques do not allow these joints. Since new materials such as non-metallic or aluminium alloys are 

being introduced in the vehicle, there is a need to create new ways to join them together. Thus, this paper will focus 

on the joining process of a two-component Crash Box. 

This will be done throughout the analysis of the process to obtain a lap joint, by partially placing one sheet over 

another. This is widely used to assemble these components from individual parts. Generally, these joints are 

manufactured by welding or in some cases adhesive bonding but they could also be done by recurring to 

mechanical fastening as shown in Figure 1. 

The main process used on this type of application is welding, mainly Resistance Spot Welding ([1]–[6]), Figure 1 

(b). Tig welding ([4], [7]) could also be used or even Laser welding according to Peroni [4], in terms of fusion 

welding. It is possible as well to use the Brazing or Soldering technique and the friction Stir Welding process in 

terms of solid state welding. Mechanical techniques like the Self Piercing Rivet or Screw ([8]), Figure 1 (f) or the 

clinching technique ([9]), Figure 1 (e) or adhesive bonding ([1], [4], [10]–[13]) technique in order to obtain a 

continuous joint. Bonding processes could also be used in addition to a local joining process such as Resistance 
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Spot Welding in order to maximize the component’s resistance and minimize the effects caused by some types of 

defects related to the welding technology according to Davidson [14]. 

 
Figure 1 a) Mig/MAG Welding b) Resistance Spot Welding c) Adhesive d) Friction Stir Welding e) Clinching f) 

Self-Pierce-Rivet g) Brazing 

Each lap joint shown Figure 1 has its own characteristics, advantages and disadvantages, and choosing between 

them depends on the materials, the geometric features, the equipment needed the design considerations in regards 

for performance, safety and environment. 

If we consider the welding technologies, they mainly depend on the conductivity and the chemical compatibility of 

the materials therefore, when considering any kind of polymers or composites, this technique does not allow their 

joining. In terms of the mechanical technologies mainly clinching technologies, it will depend upon the plastic 

deformation and whether or not they will create the interlock needed for the joint, composites materials would be 

difficult to join as well as some polymers. The Self Piercing rivet and Screw is a good technique in terms of its use 

on composites and polymers but there are some problems regarding the exit of the rivet or screw from the joint and 

it also needs external parts to create the joint. In the case of adhesive bonding, the main disadvantage is the 

debonding that can occur on the joint, according to Peroni [11], and the fact that it needs a well prepared and clean 

surface and the curing time for it to be fully finished and assembled. 

Under these circumstances, the aim and objectives of this work are to present a simple, flexible and low-cost joining 

process to connect two sheets by partially placing one over another. The new proposed process is a variant of a 

previous development of Bragança [15] to connect two sheets perpendicular to one another by means of Mortise-

and-Tenon joints cut out from the two sheets. However, and in contrast to the previously developed process that 

is limited to corner and tee joints, the new proposed joining process is based on the solution proposed by Silva [16] 

and is capable of applying Mortisse and Tenon concept to the production of lap joints. In order to do that, instead 

of obtaining the Tenon through Additive Manufacturing, they are cut and bent from the sheet as shown in Figure 2. 

This is accomplished by means of a hydraulic press that cuts and then bents, either in two different stages or with 

the lancing technique which allows both operations to be done at the same time, the Tenon that is then introduced 

into the Mortisse and forged. 

 
Figure 2 Mortisse and Tenon Joining Process 



The first part of this article is focused on the determination of the stress-strain curves for the HSLA 340 material 

used in the numerical study. The second part is composed by the characterization of the instability behaviour of 

the Tenon when subjected to upset compression by the punch with the analysis of the overall feasibility of the 

proposed joining process by means of finite element simulation and experimentation. The third and last part of this 

article includes the experimental data of the comparison between both techniques, Mortisse and Tenon and 

Resistance Spot Welding, used in this study. By means of destructive testing, both static and dynamic, in order to 

validate the energy absorption capabilities of the same geometry with the new proposed joining process when 

compared to the Resistance Spot Welding. 

Experimentation 

Specimens Geometry 

The specimens in this dissertation have a hexagonal geometry as shown in Figure 3 a) and are composed by two 

individual parts with 160mm of length and a cross section with the dimensions presented in Figure 3 b) 

 
a) 

 
b) 

Figure 3 a) Generic Assembled Geometry b) Cross Section dimensions 

The finished parts, both Resistance Spot Welding (Figure 4 a)) and Mortisse and Tenon (Figure 4 b)), are presented 

in Figure 4 where it is also possible to see a detailed image of the Mortisse and Tenon joint before the forming 

(Figure 4 c)). 

 
a) 

 
b) 

 
c) 

Figure 4 a) Resistance Spot Welding Specimen b) Detail of the Mortisse and Tenon Joint before the forming c) 
Mortisse and Tenon Joined Specimen 

Material Characterization 

The material used in this study is a 1mm sheet of HSLA 340, which is a high strength low alloy metal that is already 

widely used on the automotive industry, making it an excellent candidate for a this component. As said before, the 

objective is to propose a solution that can be used in the joining of Crash Box composed by individual components 

made from similar or dissimilar materials that is equal or even better than the most widely used technique 

(Resistance Spot Welding) in terms energy absorption capabilities. However, it should lower the production costs, 

time and it also needs to be an energy efficient process in order to lower the carbon footprint. Therefore, this 

material is the perfect candidate for this study, which done by direct comparison because it as a good weldability 

and it could also be used for forming. 

In order to do the numerical testing there was the need to characterize the material. This was done by a static stack 

compression test on a hydraulic press, based on Alves [17], obtaining the curve illustrated on Figure 5. 



 
Figure 5 HSLA 340 Mechanical Characterization 

New proposed Joining Process 

The investigation of the proposed joining process was carried out by using a Tenon obtained from laser cutting and 

bending process. The Mortisse was laser cut into a rectangular shape. Since the Tenon is longer than wider the 

upset compression of it needs to be fully investigated due to buckling effect. Therefore, the experimental work plan 

for this proposed joining process was split into two different parts. The first part, as said before, is exclusively 

focused on the plastic instability of the Tenon during the upset compression due to its slenderness. In order to do 

that, the specimens used are illustrated in Figure 6, where h refers to the free length, after the Mortisse, that is 

used to create the mechanical lock. These tests were carried out in order to define the best free length since the 

Tenon has to plastically deform in order to create the mechanical lock and is on the free length that the plastic 

instability occurs. 

 
Figure 6 Overall Dimension of the Joint 

The upset compression tests were carried out with a vertical velocity of 5mm/min. and the only parameter analysed 

was the free length. This analysis has as goal to create the biggest volume possible on the Tenon head without 

the occurrence of buckling. By using a punch with a small groove, shown on Figure 7, with the thickness of the 

Tenon, a length bigger than the Tenon and a depth of 1.5mm. After the initial plastic deformation with the grooved 

punch, a flat punch was used to deform the rest of the Tenon in order to obtain a considerable volume on the 

mechanical lock with the plastic instability of the Tenon. By using a two-stage process, was observed that the free 

length of the Tenon was higher and no plastic instability occurred. 

 
Figure 7 Grooved Punch 

In Table 1 are the tests parameters used on the Tenon buckling tests. 

Designation Free Length h [mm] Stage Test Type 
Test Speed 
[mm/min] 

MT_I_PD_2…3_MEF/Exp 2, 2.5, 3 1 
Experimental e 

Numerical 
5 MT_I_PE_3…6_MEF/Exp 3, 3.5, 4, 4.5, 5, 5.5, 6 1st 

MT_I_PE_PD_3...6_MEF/Exp 3, 3.5, 4, 4.5 2nd 

Table 1 Buckling Tests Specification 
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On the designation of the specimens for the buckling tests shown in Table 1, the term PD was used to define the 

specimens that only use a flat punch for the upset compression, PE for the Grooved Punch and PE_PD for the flat 

punch after the initial deformation with the grooved punch. It was also used the termination MEF to the Finite 

Element Method tests and the EXP for the Experimental test. 

Regarding the second part of the experimental work, the main goal was to validate the application of the Mortisse 

and Tenon joining technique to the Crash Box. In order to do that, two components connected with this technique 

and the Resistance Spot Welding technique were manufactured and tested both statically and dynamically in order 

to compare them when subjected to the same experimental tests. The test parameters used in the Crash Box tests 

are presented in Table 2. 

Designation 
Joining 

Technique 
Test Type 

Test 
Weight 

[kg] 

Test 
Height 

[m] 

Load Train 
Speed [m/s] 

Test 
Speed 
[m/s] 

CB_SP_E Resistance Spot 
Welding 

Static   - 1.67x10-4 

CB_SP_Din Dynamic 81.5 4.47 9.36 4.1 

CB_MT_H_E 

Mortise and Tenon 
Static 

- - - 
1.67x10-4 

CB_MT_V_E - - - 

CB_MT_Din Dynamic 81.5 3.64 8.45 3.7 

Table 2 Crash Box Dynamic and Static Test Parameters 

Results and discussion 

Upset Compression of the Buckling Specimens 

Figure 8 shows the comparison between the numerical and experimental results for the upset compression with 

the straight punch and only one stage. All the numerical upset compression simulations were conducted after 

simulating the bending process since this could have some influence on the buckling of the Tenon free length. 

 
Figure 8 Straight Punch Upset Compression Force-Displacement results 

In Figure 9 a) it is possible to verify that using a 2.5mm Tenon free length, some plastic instability could occur and 

it could be the limit for the straight punch step since with the 3mm (Figure 9 b)) Tenon free length the buckling of 

the specimen definitely occurs. 

 
a) 

 
b) 

Figure 9 a) Upset Compression with 2.5mm Free Length b) Upset Compression of 3mm Free Length 
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Regarding the grooved punch, in Figure 10, the results of the experimental and numerical work for the first part of 

the plastic deformation are shown in Figure 10. Regarding the numerical tests these were made considering that 

the test occurred on Plane Stress since the grooved punch will limit the lateral deformation since it has part of the 

Tenon inside the groove, and therefore the major deformation will be occurring on the length of the Tenon. All tests, 

both numerical and experimental, have the same load-displacement evolution has it would be expected. 

 
Figure 10 Comparison of Numerical vs Experimental Tests with Grooved Punch 

By analysing the results from both the deformed mesh from the numerical simulation and the experimental test 

shown in Figure 11, it is possible to define that the limit for the grooved punch is 4.5mm of free length. Plastic 

instability occurs with a free length of 6mm (Figure 11 b)) and could also occur with a free length of 5mm (Figure 

11 a)). 

 
 

a) 

 

 

 

b) 
Figure 11 a) 5mm Free Length Tenon b) 6mm Free Length Tenon (Left Numerical, Right Experimental) 

It is possible to state that the process should be conducted in two stages because, with the use of the grooved 

punch, the free length to which plastic instability occurs doubled. Therefore, there is a need to verify if the Tenon 

will buckle with the flat punch after the grooved punch. Figure 12 shows the comparison between the numerical 

and experimental results for the second stage with the flat punch. 

 
Figure 12 Evolution of the Load with Displacement of the numerical and experimental tests with a grooved punch 
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No plastic instability occurs and therefore, the final free length for the process should be 4.5mm, which will give the 

most volume possible, for this configuration, on the mechanical lock, and it does not present plastic instability. 

Figure 13 shows the final joint and the intermediate stages of the mesh to illustrate the process. Regarding the 

load needed to foge both stages in the case of the grooved punch  

 
a) 

 
b) 

 
c) 

Figure 13 a) Deformed Mesh after Grooved punch b) Deformed mesh after Straight Punch c) Final Joint 

In order to validate the process in terms of energy consumption, the energy used throughout the plastic deformation 

work when forming the Tenon head with the Grooved and Straight Punch is illustrated in Figure 14. 

 
Figure 14 Evolution of Energy with Displacement spent on the Forming of the Tenon 

This energy when added the bending and punch cutting operations gives a value of 27.4J for the manufacture of 

one joint from the beginning to the end of the process. When compared with the 1280J needed to produce only 

one spot weld it shows the potential of this new proposed joining process. 

Crash Box Tests 

The process needs to be validated on the functionality, meaning that the energy absorption capabilities of the 

component joined by Mortisse and Tenon technique should be equal or higher than the one produced through 

Resistance Spot Welding. Therefore, Figure 15 shows the evolution of the load with displacement of the static 

compression between flat plates of both joining processes. 

 
Figure 15 Evolution of the Load with Displacement of the Static Tests 
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The development of both curves is similar and it is possible to see the formation of the wrinkles through the 

observation of the peaks presented in Figure 15. It is also possible to observe that the first force peak is higher on 

the Mortise and Tenon specimen. In terms of static functionality, the proposed joining process has a result similar 

to the conventional joining process. Since these components are subjected to dynamic loads, Figure 16 shows the 

results of the dynamic tests, regarding the load  conducted on both joining techniques . 

 
Figure 16 Evolution of the Load with Displacement of the Dynamic Test 

The static and dynamic tests results are similar in terms of peak load and load-displacement development 

throughout the test. There is a slightly small peak load and offset of the load-displacement curve on the Mortisse 

and Tenon Crash Box, which could be due to the difference between energy applied during the test since a slightly 

lower energy was used on the dynamic test of the Mortisse and Tenon specimen. Therefore the reduction of energy 

stored on the load  

Finally, since the main objective of this component is to absorb energy, the total energy absorption by both 

specimens during the dynamic destructive test and it’s Specific Energy Absorption (SEA) needs verification. Figure 

17 shows the absorbed energy profile of the dynamic test, and it is possible to verify that both the static and dynamic 

tests have shown that the curve development throughout the test is similar although a slight difference could be 

explained by the energy applied during the test. 

 
Figure 17 Comparison of Energy vs Displacement 

As it is possible to verify on the figure above the energy absorption in the static tests are the same both in terms of 

total energy absorbed and also in terms of the evolution of the energy absorbed with the displacement. In the 

dynamic test a slight decrease in energy absorption for the Mortise and Tenon can be observed. That can be due 

to the fact that a lower energy was used on the test of the Mortise and Tenon specimen which leads to a lower test 

velocity and could originate a slight difference on the dynamic behaviour of the component. 

In terms of the energy absorbed by the components was 2600J for the resistance Spot Weld Specimen and 2400J 

for the Mortisse and Tenon specimen in the dynamic tests. In the static tests, the energy absorbed by the test 

specimens was 2648J in the case of the Resistance Spot Welding and 2620J in the Mortise and Tenon Specimen. 

Regarding SEA, the weight of the specimens is the almost the same 393gr, it has a 0.363gr difference, the energy 

absorbed by unit of mass or SEA is 6600J/Kg for the Resistance Sot weld and 6100J/kg for the Mortisse and 

Tenon. The difference between results, as said before is most likely due to the lower energy used on the Mortisse 

and Tenon dynamic test. 
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Conclusion 

The Mortisse and Tenon fixture commonly used in wood corner or tee joints is successfully utilized in lap joints in 

which one sheet is partially placed over another and the Tenons are fabricated through cut and bending of the thin 

sheet. 

The proposed approach allows the Mortisse and Tenon to be fabricated using the base sheet, and also important, 

using thin sheets, since the slenderness of the Tenon dramatically increases the buckling effect due to small 

thickness and high free length. This allows it to be competitive when joining materials that have a low weldability 

like aluminium or other composite or polymer materials as previous authors stated. 

Specimens consisting of single lap joint with a similar material (HSLA 340) were used to study the feasibility of the 

proposed joining process, and the process window for the two stages option was defined as a function of the free 

length-to-width (slenderness) ratio of the bent Tenon h/w=0.9. Higher values of slenderness or the use of one stage 

flat punch operation led to plastic instability and failure, and therefore are unsuitable for the joining purposes. 

Regarding the application of the new technique in the manufacture of two component Crash Box, the results were 

similar to the conventional technique that is widely used, with a small decrease in energy absorption that could be 

due to the Mortisse and Tenon dynamic tests parameters. The energy absorption capabilities of the component is 

mainly dependent on the used geometry rather than on the joining technique. Therefore, these dimensions are 

valid to this application. 

One of the biggest advantages of this technique in the industrialized process, is the fact that it can use the same 

machines and tools already used in the production of the overall geometry of the component since it can be totally 

made through plastic deformation on a hydraulic press. Giving this technique an ease of industrialization since it 

does not need the acquisition of new machines like Resistance spot welding machines or automated arms to 

perform the joining process. And the production time is not dependent on the time needed to move the robotize 

arm to the welding position, it will be only dependant on the beat time of the press which is normally faster 

Another important aspect could be in terms of process costs and environmental sustainability since the energy 

consumption on the manufacture of the Mortisse and Tenon joint when compared to the resistance spot weld has 

a 98% energy reduction. Which considering that both machines have the same efficiency and in terms of mass 

production, this could lead to a significant reduction of cost and CO2 emissions. This reduction, when translated 

into number of parts produced vs. energy needed to produce them, shows that a single spot weld would allow the 

manufacture of six complete Crash Box with eight joints recurring to the Mortisse and Tenon technique. 

The results shown prove that the proposed extension of the Mortisse and Tenon concept to lap joints on sheet 

metal has, in terms of mass production, the potential to connect Crash Box components with lower costs and 

carbon footprint, which is a valuable asset since there is a need to lower these emissions. 

Also, has previous authors referred this technique can be applied to the joining of sheets with similar or dissimilar 

materials with different chemical, mechanical and thermal properties. Therefore, in further research, it should be 

investigated in first place, its feasibility in Aluminium Alloys since it has a low weldability. In addition, the use of 

dissimilar materials on these components and the feasibility of the Mortisse and Tenon joints in these type of 

materials should be investigated in order to lower the weight of the component and improve the vehicle’s efficiency 

maintaining the same security to its occupants. Further investigation on the application of the Mortisse and Tenon 

joining technique for different energy absorption structures, such as ones found in trains, should be done. 

In short, this solution proposal may bring advantages in terms of production rate as well as in production costs and 

carbon footprint, making it an innovative and sustainable alternative process without compromising the overall 

energy absorption capabilities of the component. 
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