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ABSTRACT 

 
Auxetics are materials and structures characterized by anomalous shrinkage properties during 

compression and swelling during stretching. They are called negative materials due to their 

negative Poisson's ratio. Such materials have not yet found applications in industrial practice. 

Therefore, in this study it was decided to demonstrate the influence of sandwich honeycomb 

panels with the auxetic core on stiffness and strength of cabinet furniture. The research was carried 

out using the finite element method in the Abaqus program. The calculation results were compared 

with the data obtained for furniture made of conventional particle boards. It has been shown that 

auxetic cellular panels have a positive effect on mechanical properties of furniture subjected to 

torsion and bending. 
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1. INTRODUCTION  
 

Honeycomb panels are innovative structural materials in many technologically 

advanced branches of industry. They are characterised by low weight, high strength 

parameters and rational utilisation of natural resources (Petras, 1998; Librescu and Hause, 

2000; Barboutis and Vassiliou, 2005; Nordvik and Broman, 2005; Ozyhar et al., 2012; 

Shalbafan et al., 2012; Feifel et al., 2013; Keenan et al., 2015; Smardzewski, 2015; 

Smardzewski et al., 2017). Their particular advantage is connected with an attractive ratio 

of stiffness and strength to their density (Petras and Sutchiffe, 1999; Smardzewski et al., 

2014, 2015; Smardzewski and Prekrat 2018).  

To date mechanical properties of honeycomb panels subjected to bending were 

analysed in terms of the applicability in case furniture (Barbutis and Vassiliou, 2005; 

Smardzewski, 2013). The effect of the shape and type of auxetic core cells on torsional 

stiffness was also investigated (Smardzewski and Prekrat 2018). In contrast, practically 

no analyses have been conducted on stiffness of case furniture subjected to torsion 

depending on the type of used honeycomb panels, especially those with auxetic cores. 

The aim of this study was to determine to what extent the type of wood-based 

honeycomb panels, the manner of door installation and furniture support methods 

influence stiffness of single-chamber case furniture. It was decided particularly to specify 

whether auxetic properties of the honeycomb panel core affect furniture stiffness.  

 

 

2. MATERIALS AND METHODS  

2.1. Structure and geometry of cabinet furniture 

Tests were conducted on case furniture items with dimensions as specified in Fig. 1. 

Two design variants were applied. One of them was furniture with concealed hinges. In 
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contrast, in the other variant the furniture had no door. The door was recessed in the case 

interior so that a gap of 5 mm in width was obtained over the entire circumference. All 

the furniture body elements were manufactured applying an identical technology and the 

same materials. The materials included particleboards (PB), honeycomb sandwich panels 

with an auxetic core with elliptical cells (EL), honeycomb sandwich panels with prismatic 

single (S) or double cores (D).   

 

 

Figure 1. Case furniture used in the tests 

 

 

Figure 2. Furniture support method: a) in four corners, b) in three corners. 

 

Tests were executed according to the diagram presented in Fig. 2. The furniture bodies 

were supported in four (Fig.2a) or three corners (Fig. 2b) and loaded with a horizontal 

force F (N) in the right upper corner. The value of the loading force was selected so that 

deflection 𝛿 (mm) was 50 mm, irrespective of the type of structural design or used 

material. In view of two types of support, two types of furniture structural design and four 

types of furniture panels a total of sixteen calculation models were constructed.  
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2.2. Mechanical properties of boards 

Particleboards (PB) were treated as isotropic material with commonly known 

mechanical properties (Smardzewski, 2015). Honeycomb sandwich panels in terms of 

their structural complexity and mechanical properties were considered to be orthotropic 

materials. Figure 3 presents the shape and proportions of used honeycomb panels with the 

following core types: double (D) (Fig. 3a), single (S) (Fig. 3b) and auxetic core with 

elliptical cells (EL) (Fig. 3c). Dimensions of individual honeycomb panel layers are given 

in Table 1 and in Fig. 4. 

 

 

Figure 3. Honeycomb panels with the following core types: a) double (D), b) single (S), c) elliptical (EL) 

 

 

 
Figure 4. Shape and dimensions of samples used in testing: a, double (D), b) single (S), c) elliptical: 

 𝑡𝑓 – facing thickness, 𝑡𝑐  – core thickness, t – panel thickness. 

 
Table 1. Dimensions and selected physical properties of honeycomb panels used in testing. Standard 

deviations are given in parentheses. 

Type of core 

Dimensions Density Moisture content 

t tf tc   

mm kg/m3 % 

D 16.86 4.4 8.06 423 (24) 6.10 (0.10) 

S 19.89 4.4 11.09 399 (28) 6.20 (0.10) 

EL 20.05 4.4 11.25 392 (28) 6.12 (0.05) 
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Veneer of beech wood (Fagus sylvatica L.) was used to manufacture facings and cores 

of honeycomb panels. Veneers were glued into plywood plies (Fig. 5) using urea-

formaldehyde UF resin commercially available as Jowat 950.20 at 100 g/m2 (Jowat 

Polska, Sady, Poland). Plywood facings were bound with honeycomb panel cores 

applying PVAc Jowacoll 103.30, D3 at 80 g/m2
 (Jowat Polska, Sady, Poland). Properties 

of tested materials were determined in (Smardzewski, 2015; Smardzewski et al. 2017) 

and summarised in Table 2.  

 

 
Figure 5. Plywood as facing of honeycomb panel. 

 

 
Table 2. Mechanical properties of tested materials (…) 

Material 
EL(X) ER(Y) ET(Z) GXY GXZ GYZ υXY υXZ υYZ 

MPa (-) 

Beech 14100 2280 1160 1645 1082 471 0.45 0.51 0.75 

PB 3500 - 0.30 

ALU 70103 - 0.29 

PVAc 460 - 0.30 

UF 720 - 0.30 

 

 

2.3. Elastic properties of cores in multi-layered sandwich panels  

It was assumed that in the further part of the study elastic constants of selected wood-

based materials subjected to homogenisation would be used in numerical calculations. 

For this reason elastic properties of honeycomb panel cores were determined. Double 

prismatic cores (D), single prismatic cores (S) and elliptical cores (EL) were subjected to 

uniaxial compression with strain measured in the direction of loading and in the directions 

perpendicular to this loading (Fig. 6). Results of these calculations are given in Table 3. 

It shows that cores with elliptical cells (EL) exhibit auxetic properties due to negative 

values of Poisson's ratio. The other cores were conventional structures with positive 

values of Poisson's ratio. At the same time analysed cores exhibit strong orthotropy of 

mechanical properties. For this reason in further modelling it was assumed that greater 

values of moduli of linear elasticity were oriented along the longer edge of elements.  
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Figure 6. A diagram of uniaxial compression of cellular cores: a) elliptical (EL), b) single (S). 

 
Table 3. Properties of core materials  

Material 
 EX EY GXY υXY υYX υZX υZY 

 MPa (-) 

EL  79 7.9610-6 3 -6.429 -0.011 - - 

S  240 116 20 - - 0.041 0.341 

D  180 106 19 - - 0.042 0.341 

 

 

2.4. FEM models 

Figure 7 presents an example model for numerical calculations of the furniture body. 

All the furniture elements were modelled using 10–node finite tetrahedral C3D8R 

elements. Glue lines of facings and the core were modelled applying a cohesive element 

COH3D8 and a 0.1 mm layer thickness. The furniture body elements were joined by 

modelling rigid beech dowels of 8 mm in diameter. Between the narrow planes of the 

body elements surface-to-surface contact interactions were introduced with the friction 

coefficient of 0.3. The back wall was connected with the furniture body by housing and 

the contact interaction between all the surfaces of the back wall and the furniture body. In 

the case of furniture with doors additionally aluminium hinges were modelled, providing 

rigid connections with the side and the doors.  
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Figure 7. A grid of finite elements on furniture models 

 

Elastic properties of veneers and adhesive, from which facings were formed, are 

presented in Table 2. Elastic properties of homogenised cores are given in Table 3. 

Numerical calculations provided values of forces causing deformation of the furniture 

body and values of deflections in the direction of these forces. In order to calculate 

stiffness of case furniture the theory of torsion of flat prismatic rods may be applied 

(Smardzewski, 2015). The dihedral angle of a single panel may be determined from the 

following equation: 

 

𝜑𝑖 = 2(1 + 𝜗)
𝐹𝑖(𝑙1𝑙2)𝑖

𝛽𝐸𝑖𝑡3𝑙2𝑖
=

𝑑𝐹𝑖

𝑙2𝑖
,        (1) 

 

where: 𝐹𝑖  – internal force, 𝑑𝐹𝑖 =  𝛿 – internal deflection, (𝑙1𝑙2)𝑖 – dimensions of i-th 

board,  t – thickness of i-th board, β – factor dependent on the (𝑙2/t)i ratio, for (𝑙2/t)i > 10, 

β = 1/3, 𝐸𝑖  – Young's modulus of i-th board. In the case of the analysed structure, work 

of external force F on external deflection 𝛿 is equal to the sum of works of internal forces 

𝐹𝑖   on internal deflections 𝑑𝐹𝑖 of deformed elements: 

 

𝐹𝑑𝐹 = ∑ 𝐹𝑖𝑑𝐹𝑖
𝑛
𝑖=1  .         (2) 

 

Solving the system of Eqs. (1 and 2) an expression was obtained linking external 

deflections dF = 𝛿 with internal deflections 𝑑𝐹𝑖: 

 

𝐹𝑑𝐹 = ∑
𝐸𝑖𝑡3

6(1+𝜗)(𝑙1𝑙2)𝑖

𝑛
𝑖=1  𝑑𝐹𝑖.        (3) 

 

From the geometry of deformations of the case and from the assumption on the 

perfect stiffness of board elements in their plane we obtain specific relationships between 
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deflection 𝑑𝐹 = 𝛿 of vertical external board elements and deflection 𝑑𝐹𝑖𝑐 of horizontal 

elements and 𝑑𝐹𝑖𝑏 of the back wall: 

 

𝑑𝐹𝑖𝑐 =
𝑎

𝑐
𝑑𝐹, 𝑑𝐹𝑖𝑏 =

𝑎

𝑏
𝑑𝐹,        (4) 

 

where: a, b, c, denote width, deep and height of furniture, respectively. Defining 

deflection of the i-th board in the general form as: 

 

𝑑𝐹𝑖 = 𝛼𝑖𝑑𝐹,           (5) 

 

and applying Eqs. (3 and 4), stiffness of a furniture unit subjected to torsion was expressed 

in the following form: 

 

𝐾 = ∑
𝐸𝑖𝑡3

6(1+𝜗)(𝑙1𝑙2)𝑖

𝑛
𝑖=1  𝛼𝑖 =

𝐹

𝛿
 (N/mm).      (6) 

 

In order to determine the effect of the type of material, furniture structural design and 

the manner of its support on the stiffness of the furniture body the respective stiffness 

coefficients were determined using equation (6). 

 

The numerical calculations were performed using the Abaqus v.6.16 programme 

(Dassault Systemes Simulia Corp., Waltham, Ma, USA) at the Poznań Supercomputing 

and Networking Centre in the Eagle cluster.  

 

 

3. RESULTS  
Figure 8 presents example deformations calculated for furniture bodies and example 

values of resultant deflections of the front, left and upper corners. It shows that the greatest 

deflection 𝛿 = 132 𝑚𝑚 (thus the lowest stiffness) is observed in furniture items without 

doors supported in three corners (Fig. 8a). Support of the same furniture body in four 

corners reduces deflections almost 2-fold, to 𝛿 = 68 𝑚𝑚 (Fig. 8b). When the doors are 

recessed within the furniture body the resulting deflections are additionally decreased and 

the stiffness of the structure is increased (Fig. 8 c,d). It needs to be stressed here that 

deflections for furniture bodies supported in three and four corners differ only slightly at 

𝛿 = 16.2 𝑚𝑚 vs. 𝛿 = 13.6 𝑚𝑚. Thus the application of doors mounted within the 

furniture body had a decisive effect.  

Figure 9 presents dependencies between loading and deflection for all analysed 

furniture design structures. Continuous lines mark structures supported in three corners, 

while broken lines denote structures supported in four corners. For the structure without 

doors (Fig. 9a) the regularity presented above is confirmed, showing that support of 

furniture items in four corners increases design loads for the same deflection values. It 

may also be stated that the application of honeycomb panels only slightly reduces stiffness 

of furniture bodies in comparison to that of furniture manufactured from reference 

particleboards. Similar regularities are found in the case of furniture items equipped with 

doors (Fig. 9b). However, in furniture bodies having no doors we observe a markedly 

greater stiffness of furniture items supported in three corners. These dependencies are 

presented more precisely in the form of stiffness coefficients K in Fig. 10.  
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Figure 8. Deformation of furniture (deflection in mm): a,b) without doors, c,d) with doors, supported in 

three corners (a,c) and in four corners (b.d). 

 

 

 

Figure 9. The dependence of force on deflection for furniture items: a) without doors supported in three 

and four corners, b) with doors supported in three and four corners.  

 

 

It results from Fig. 10a that stiffness coefficient K (N/mm) for furniture bodies 

supported in three corners ranges from 6.3 N/mm to 7.9 N/mm. The highest values were 

recorded for furniture manufactured from particleboards, while they were lowest for 

furniture made from honeycomb panels with an auxetic core. This difference amounts to 

20.2%. In turn, stiffness of furniture supported in four corners is 6- to 7-fold greater 

compared to that of furniture bodies supported in three corners. Support of furniture items 

in four corners results in additional stiffening of their base. As a consequence, the bottom 

element, in contrast to the other structural elements, is not subjected to torsion and it 

considerably improves furniture stiffness. The use of doors (Fig. 10b) increased values of 
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stiffness coefficients K (N/mm), particularly in those furniture items, which were 

supported in three corners. Their stiffness compared to that of furniture not equipped with 

doors increased 2.6- to 3-fold. Also in this case it may be observed that furniture made 

from particleboards exhibits stiffness by 15.9% greater than that of furniture made from 

honeycomb panels (EL). In the case of structures equipped with doors, supported in four 

corners, their stiffness ranges from 44 N/mm to 47.5 N/mm. The lowest stiffness is found 

in furniture made from auxetic boards (EL). In comparison to furniture manufactured 

from particleboard this difference amounts to 7.4%. In panels with a prismatic core, both 

double (D) and single (S), stiffness K (N/mm) is reduced by as little as 3.2%. 

 

 

Figure 10. Stiffness coefficient of furniture: a) without doors supported in three and four corners, b) with 

doors supported in three and four corners.  

 

 

 

4. CONCLUSIONS  
Results obtained based on numerical calculations and their analysis gave grounds for 

the following conclusions and remarks: 

1. Honeycomb panels are very good substitutes for particleboard used when 

designing case furniture. 

2. Stiffness of furniture manufactured from honeycomb panels with density of 

approx. 400 kg/m3 compared to furniture made from particleboard with density of 

630 kg/m3 is highly satisfactory. For furniture bodies supported in three corners 

this difference is min. 20.2%, while for support in four corners it is 7.4%. 

3. The auxetic character of the core has no positive effect on stiffness of case 

furniture. This is caused by the torsional character of furniture deformation. 

4. Doors mounted as recessed into the furniture body have a considerable effect on 

furniture stiffness. This effect is comparable to the effect of furniture support in 

four corners. 
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