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1. Introduction

Characteristic designs, such as protrusions, grooves, 

etc., in the vicinity of the joined region have been 

widely adopted to improve joining characteristics 

between dissimilar structures[1,2]. The groove type 

geometry has been used to increase joining strength 

between the substrate and the attached part through 

the contact area in the vicinity of the joined 

region[1-3]. The characteristic geometry of the groove 

greatly affects the joining strength between the 
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ABSTRACT

The geometry and the defect of the groove of the part provoke a sudden change of stress in a local region. 

The objective of this paper is to investigate the effects of the geometry and the imperfection of a small groove 

on stress distributions in the vicinity of the joined region for the ABS part with a thin wall using a 

three-dimensional finite element analysis (FEA). Several types of groove are designed to improve joining 

characteristics in the vicinity joined region. The imperfection model of the small-sized groove is obtained from 

observation of deposition characteristics of a fused deposition modeling process. Local stress distributions in the 

vicinity of the joined region are predicted by the FE model with refined meshes. The influence of the angle and 

the imperfection of the groove on appearance regions of the maximum stress and distributions of the defined 

principal stress for different loading conditions is examined using the results of FEAs. Finally, a proper design 

of the groove is proposed to improve joining characteristics between the substrate and the ABS part.
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substrate and the attached part. In addition, defects, 

including voids, porosity, cracks, etc. in the vicinity 

of the joined region significantly affect joining 

characteristics between dissimilar structures[4-6]. The 

geometry and the imperfection of the groove of the 

part provoke a sudden change of stress in a local 

region[7,8]. The formation of the groove can increase 

joining strength between the substrate and the 

deposited region by increasing the contact area[6,9].

Bürenhaus et al. have investigated that the 

influence of the groove design in the vicinity of the 

overlap joint on the adhesive bonding strength of the 

specimen through experiments[6]. They have fabricated 

the specimen using a fused deposition modeling 

(FDM) process. Kuznetsov et al. have investigated 

that the effects of the formation of the void in the 

fabricated part by a FDM process on the strength of 

the part via experiments[8]. Zareiyan et al. have 

examined the effects of the groove for interlocking 

on joining strengths of the specimen fabricated from 

a contour crafting process[9]. Sattari-Far et al. have 

studied that the influence of the groove shape on the 

residual stress distribution in butt-welded pipes 

through the repeated FEA[10]. Through the literature 

survey of previous research works, it has been noted 

that a small amount of research work is performed to 

examine the influence of the geometry of the groove 

and the imperfection of the substrate on the stress 

distribution in the vicinity of the joined region using 

finite element analyses (FEAs).

The objective of this paper is to investigate the 

effects of the geometry and the imperfection of a 

small-sized groove on stress distributions in the 

vicinity of the joined region for the ABS part with a 

thin wall using a three-dimensional FEA. Using the 

results of FEAs, proper designs of the groove of the 

substrate are proposed for different loading conditions. 

In addition, the effects of the imperfection of the 

groove on the stress distribution in the vicinity of the 

joined region are discussed.

2. Design of Analysis Model

2.1 Design of Model

Fig. 1 shows the geometry of the analysis model 

with the groove. The analysis model is extracted from 

the reference part created by the deposition of a thin 

wall on the substrate using a FDM process, as shown 

in Fig. 1(a). In order to minimize the effects of the 

end region on the stress distributions of the joined 

region, end regions of the reference part are removed 

in the analysis model. An acrylonitrile butadiene 

styrene copolymer (ABS) is chosen as the material of 

the thin wall and the substrate. The groove is 

assigned to a center region of the designed model, as 

shown in Figs. 1 (b) and (c). External dimensions of 

the analysis model are 50 mm × 40 mm × 20 mm. 

The thickness of the thin wall and the depth of 

the groove are 3.0 mm and 0.2 mm, respectively. 

  (a) Reference part       (b) Designed model 

(c) Characteristics dimensions

Fig. 1 Design of analysis model (w/o imperfection)

Table 1 Characteristic dimensions of groove for 

different groove angles ()

(o) w/o. 
groove

w. groove

45 60 75 90

W1 2.0

W2 - 2.3 2.2 2.1 2.0
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Table 1 shows characteristic dimensions in the 

vicinity of the joined region for different groove 

angles (). The designed groove angle ranges from 

45 o to 90 o.

2.2 Design of Imperfection 

A typical imperfection of the joined region for the 

reference part is obtained from the observation of  

the morphology in the vicinity of the groove for 

ABS deposited part on the ABS substrate using a 

FDM process, as shown in Fig. 2 (a). Through the 

observation of the morphology, it is noted that a 

dominant imperfection mode of the joined region is 

an insufficient filling of the deposited material in the 

groove. The deposited material is hardly filled in the 

small-sized groove when the insufficient filling is 

taken place. From these results, an insufficient filling 

with unfilled region is assumed to be a typical 

imperfection mode of the groove region. Using the 

estimated typical imperfection mode, a completely 

unfilled region is created in the analysis model with 

imperfection, as shown in Fig. 2 (b). All dimensions 

of the analysis model with imperfection are identical 

to those of the analysis model without imperfection.

3. Finite Element Analyses

FEAs are carried out using a commercial software 

ABAQUS V6.12. Fig. 3 shows mesh structures and 

(a) Typical imperfection of the joined region

(b) Imperfection in the vicinity of the groove

Fig. 2 Design of analysis model with imperfection

(a) Meshes and boundary conditions

(b) Refined mesh structure (w/o imperfection)

(c) Refined mesh structure (with imperfection)

Fig. 3 FE model and boundary conditions

Table 2 ABS properties and applied loads[11]

Elastic 
modulus 
(MPa)

Poisson’s 
ratio

Density 
(g/mm3)

P 
(N/mm2)

ω
(N/mm)

2,310 0.37 1.01×10-6 0.1 0.045

boundary conditions of the FE model. In order to 

properly predict a local stress in the vicinity of 

suddenly changing region of geometry, the mesh 

refinement is applied to edge and conner regions 

using mapped and biased meshing techniques, as 

shown in Figs. 3 (b) and (c). Solid elements are used 

to represent the geometry of the model. The bottom 

surface of the FE model is fixed. A uniform tensile 

load (P) and a uniformly distributed load (ω) are 

applied to the top surface and the top edge of the 

thin wall for cases of tension and bending conditions, 

respectively. Table 2 shows material properties of 

ABS and the magnitude of the applied load. 
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Symmetric FE models are used to reduce analysis 

times, as shown in Fig. 3 (a).

4. Results and Discussion

4.1 Effects of the Groove Geometry

4.1.1 Tension

The effects of geometry of groove on the stress 

distribution in the vicinity of the joined region are 

investigated using results of FEAs for the analysis 

model without imperfection. The angle of the groove 

() is chosen as the measure of variation of the 

groove geometry, as shown in Fig. 1 (c). The 

maximum value of maximum principal stress ( )

appears in the edge region of the thin wall 

irrespective of the angle of the groove for the case 

of the tensile loading, as shown in Fig. 4. In order 

to investigate the magnification of the localized stress 

according to the applied load, the normalized 

principal stress ( ) is defined, as Eq. (1). 


 

                (1)

Measured locations of the stress are indicated in 

Fig. 5 (a). The influence of the groove angle on 

normalized principal stress distributions is examined, 

as shown in Figs. 5 (b) and (c). A slight change of 

the normalized principal stress appears in the vicinity 

of coner of the groove, as shown in Fig. 5 (b). The 

maximum value of the normalized principal stress is 

Fig. 4 Maximum principal stress ( ) distributions 

(Tensile load,  = 45 o and w/o imperfection)

(a) Measured locations of stress

(b)  distributions for different s (Z = 0 mm)

(c) Effects of  on 

Fig. 5 Influence of the groove angle on normalized 

principal stress distributions (Tensile load 

and w/o imperfection)

greater than 131 irrespective of the groove angle. The 

normalized principal stress increases when the groove 

angle changes from 45 o to 60 o, while that decreases 

when the groove angle increases from 60 o to 90 o, 

as shown in Fig. 5 (c). From these results, it is 

noted that a critical angle of the groove is 60 o when 

the tensile load is applied to the designed geometry.

4.1.2 Bending

The results of FEAs for the case of bending load 

shows that the maximum principal stress occurs at the 

edge of the load side regardless of the groove angle 

for the case of bending load, as shown in Fig. 6. 

The proportional principal stress for uniform bending
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Fig. 6 Distributions of maximum principal stress 

(Bending load,  = 45 o and w/o 

imperfection)

(a)  distributions for different s (Z = 0 mm)

(b) Effects of  on 

Fig. 7 Influence of the groove angle on proportional 

principal stress distributions (Bending load 

and w/o imperfection)

load ( ) is defined to examine the amplification of 

the localized stress according to the applied bending 

load, as Eq. (2). 


 

                (2)

The effects of the groove angle on proportional 

principal stress distributions is investigated, as shown 

in Figs. 7 (a) and (b). The amplification of stress at 

conners of groove is almost negligible irrespective of 

the groove angle, as shown in Fig. 7 (a). A slight 

fluctuation of the stress appears in the sloped region 

of the groove for cases of 60 o and 75 o of the 

groove angle unlike 45 o and 90 o of the groove 

angle. The maximum value of the proportional 

principal stress ranges from 121 mm-1 to 179 mm-1. 

The proportional principal stress slightly increases 

when the groove angle changes from 45 o to 60 o, 

while that decreases when the groove angle increases 

from 60 o to 90 o, as shown in Fig. 7 (b). From 

these results, it is revealed that a critical angle of the 

groove is 60 o when the bending load is applied. 

4.2 Effects of imperfection

4.2.1 Tension

The influence of the geometry and the imperfection 

of the groove on the stress distribution in the vicinity 

of the joined region is examined using results of 

FEAs for the analysis model with imperfection. The 

maximum value of the maximum principal stress is 

found in the edge region of the thin wall regardless 

of the groove angle for the case of the tensile 

loading, as shown in Fig. 8. The normalized principal 

stress of the edge region increases when the groove 

angle augments from 45 o to 60 o, while that 

decreases when the groove angle increases from 60 o

to 90 o, as shown in Fig. 9 (a). These results are 

Fig. 8 Distributions of maximum principal stress 

(Tensile load,  = 60 o and imperfection)
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(a) Measured locations of stress

(b)  distributions for different s (Z = 0 mm)

(c) Effects of  on  (Measured location = L1)

Fig. 9 Influence of the groove angle on normalized 

principal stress distributions (Tensile load 

and imperfection)

almost similar to those for the analysis model without 

imperfection for the case of the tensile loading. The 

maximum value of the maximum principal stress for 

the analysis model with imperfection is identical to 

that for the analysis model without imperfection 

irrespective of the groove angle. 

The variation of the normalized principal stress 

according to the groove angle in corner regions of 

the groove, which are L1 and L2 in Fig. 9 (a), is 

somewhat different from that in edge regions of the 

thin wall, as shown in Fig. 9 (c). The normalized 

principal stress in the region of L1 is maximized 

when the groove angle is 75 o. The normalized 

principal stress in the L1 region is nearly 16 % of 

that in the edge region when the groove angle is 75
o. However, normalized principal stresses in the L1 

region are less than 10 % of those in the edge 

region when groove angles are 45 o, 60 o and 90 o. 

From these results, it is revealed that the critical 

angle of the groove is 75 o from the viewpoint of 

the normalized principal stress of the L1 region for 

the case of tensile loading when the imperfection is 

taken place in the groove.

4.2.2 Bending

The results of FEAs with imperfection for the case 

of bending load shows that the maximum principal 

stress taken place at the conner region of the groove 

in the opposite side of the applied region of the load 

(L2) irrespective of the groove angle for the case of 

bending load, as shown in Fig. 10. The coner region, 

at which the maximum principal stress appears, is 

located at the end of the model in the Z direction, as 

shown in Figs. 10, 11 (a) and 11 (b). 

The proportional principal stress of the edge region 

of the thin wall is less than 194 mm-1 irrespective of 

the groove angle when the imperfection is taken place 

in the groove. The proportional principal stress at the 

location of L2 exceeds the maximum value of the 

proportional principal stress of the edge region when 

the groove angle is 60 o and 75 o, while that is less 

than the maximum value of the proportional principal

Fig. 10 Distributions of maximum principal stress 

(Tensile load, imperfection,  = 60 o)
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(a)  distributions for different s (Z = 20 mm)

(b) Effects of  on  (Measured location = L2)

(c) Effects of  on  (Measured location = L1)

(d) Maximum value of  for different regions

Fig. 11 Influence of the groove angle on 

proportional principal stress distributions 

(Bending load and imperfection)

stress of the edge region when the groove angle is 

45 o and 90 o. The proportional principal stress at the 

coner region of the groove in the applied region of 

the load (L1) decreases when the groove angle 

increases, as shown in Fig. 11 (c). 

4.3 Proper design of groove

Through the investigation of the results of FEAs 

for the analysis model without imperfection, it is 

shown that the amplification of stress is maximized 

when the groove angel is 60 o. In addition, it is 

revealed that the fluctuation of the stress takes place 

in the sloped region of the groove when the groove 

angle is  60 o and 75 o, while the smooth transition 

of stress in the sloped region of the groove when the 

groove angle is 45 o. From the results of FEAs for 

the analysis model with imperfection, it is revealed 

that the critical location, at which the maximum 

stress appears, changes from the edge region of the 

thin wall to the corner region of groove in the 

vicinity of the end of the model when the loading 

condition is varied from tension to bending. The 

maximum value of the proportional principal stress at 

the coner region of the groove is less than that of 

the edge region of the thin wall irrespective of 

loading condition when the groove angle is 45 o and 

90 o, as shown in Fig. 11 (d). Considering the 

improvement of flow characteristics of ABS plastic 

into the groove, it is desirable to reduce the angle of 

the groove. Based on above results, the geometry 

with 45 o of the groove angle is decided to a proper 

design of the small-sized groove.

5. Conclusion

The effects of the geometry and the imperfection 

of a small-sized groove on stress distributions in the 

vicinity of the joined region for the ABS part with a 

thin wall were investigated using a three-dimensional 

FEA. Various FE models, including the small-sized 

groove and the imperfection, were contrived to 

perform FEAs. Several types of groove, including 
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different groove angles, were designed.

From the results of FEAs for the analysis model 

without imperfection, it was shown that the maximum 

stress appears in the vicinity of the edge of the thin 

wall irrespective of the loading condition and the 

groove angle. The amplification of stress was 

maximized when the groove angel was 60 o. A

smooth transition of stress in the sloped region of the 

groove appeared when the groove angle was 45 o. 

From the results of FEAs with imperfection, it was 

shown that a critical location, at which the maximum 

stress occurs, varies from the edge region of the thin 

wall to the corner region of groove in the vicinity of 

the end of the model when the loading condition 

changes from tension to bending. The maximum 

stress at the critical location was less than that of the 

edge region of the thin wall irrespective of loading 

condition when the groove angle was 45 o. 

Considering the results of FEAs and the flow 

characteristics of ABS plastic into the groove, the 

geometry with 45 o of the groove angle was proposed 

to an appropriate design of the small-sized groove.

In the future, additional FE analyses and 

experiment should be performed to obtain the desired 

FE model with the improved accuracy and the 

optimum groove design with the enhanced safety and 

flow characteristics.
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