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ABSTRACT

Limited number of papers describe the practical use of auxetics in the wood and furniture sector. Only one paper
describes the auxetic nails. None of them analyzed the impact of using auxetics on the strength of furniture joints.
The aim of this investigation was to design and manufacture different kinds of auxetic dowels with corresponding
muffs and experimentally, theoretically, and numerically analyze the minimum mounting forces, contact pres-
sures, and friction coefficients of these dowels in particleboard. Firstly, auxetic properties of the dowels were
numerically determined, and then obtained values were confirmed by real compression tests in order to be sure
that the dowels had negative Poisson’s ratios. All dowels were manufactured from polyamide (PA12) with 3D
printing Selective Laser Sintering (SLS) technology. Static compression tests were carried out for obtaining the
minimum mounting force needed to insert the dowel into the muff. Numerical analyses were performed by
means of Abaqus/Explicit v6.14-2 software. Contact pressures and friction coefficients were also theoretically
calculated and compared to the results of numerical analyses and real tests. At the end of the tests, the auxetic
dowels gave lower mounting force values than the non-auxetic dowels. Mounting force values of dowels
decreased as the dowel hole diameter and size of inclusions are increased. Furthermore, the contact pressures on
the surface of the auxetic dowels were considerably lower than in the non-auxetic dowels. In conclusion, it could
be said that the auxetic dowels could be utilized as an alternative fastener for the traditional furniture dowels.
Therefore, withdrawal strength and corner joint tests of the auxetic dowels should be investigated in future

studies.

1. Introduction

Today, conventional materials are generally used in engineering,
manufacturing, and especially in the production of mechanical fasteners
for furniture joints. However, the interest and need for smart meta-
materials are increasing day by day, which encourages the design,
production, and use of new alternative materials. Smart material designs
and productions are made either by developing a new product or by
adding extra properties to the traditional materials.

A material’s Poisson’s ratio reflects the deformation of its cross-
section in response to an orthogonal tensile strain. Models of struc-
tures with a negative Poisson’s ratio were described as early as 30 years
ago [1-3]. They were made in 1987 by Lakes [4], and called auxetics by
Evans [5]. Over these past thirty years, studies on auxetics diverge into
different aspects. Over these past thirty years, the studies on auxetic
materials and structures presented different theoretical and practical
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aspects. Among others, the search for auxetic properties in new mate-
rials [6,7], the theoretical studies of various models exhibiting auxetic
properties [8-21], or the creation of auxetic composites in order to
enhance mechanical properties of materials [22,23]. The latter is of
particular importance if one considers practical applications of negative
Poisson’s ratio materials [24-27]. Auxetic materials and structures are
expected to have many desirable mechanical properties such as shear
resistance, indentation resistance, synclastic behavior [28,29]variable
permeability, high energy absorption, and fracture resistance. Auxetics
may be useful in applications such as body armor, packing material,
knee and elbow pads, robust shock-absorbing material, and sponge
mops. These materials have been shown to possess enhanced hardness
and toughness, as well as absorb vibrations and sound better than their
non-auxetic counterparts [30,31]. The atypical elastic behavior of
auxetic materials is enabling advancements in a broad range of tech-
nologies such as impact-resistant composites, extremely precise sensors,
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Fig. 2. Dimensions (in mm) of auxetic inclusion (a) and cross-sectional geometries (b) of dowels.

tougher ceramics, and high-performance armor [29,32]. Santulli and
Langella [33] discussed the experience of using auxetic materials in
different design objects including chairs, bags, seat belts, etc. Structures
were calculated and modelled as chiral with defined geometrical pa-
rameters and then applied to concepts with the fabrication of real
models using neoprene or generally rubbery material.

The interest in auxetic materials has been increasing in recent years,
so studies based on the experimental and modeling for these materials
are becoming widespread. In contrast to aviation, shipbuilding, and
automotive industry, only a few reports concern the application of
auxetics in the wood and furniture industry [34-39]. The authors
described that layered wood-based sandwich panels are an excellent
alternative for comparable composites manufactured from metals or
plastics. They are lighter, and in relation to their density, they are more
rigid and stronger. This facilitates the efficient management of natural
resources since they are derived from renewable materials. A limited
number of papers also describe the practical use of auxetics in furniture
design. The aim of the studies carried by the Smardzewski et al. [40,41]
was to develop a model of an auxetic compression spring useful in seat
constructions of office and home furniture. In the case of furniture joints,
auxetics has not yet been used. Under uniaxial compression (tension),
auxetic materials would shrink (expand) laterally. In the study carried
by Ren et al. [26], the first auxetic nails are designed, fabricated and

fiberboard are selected as testing materials. The push-in and pull-out
performance of auxetic and non-auxetic nails is compared by using
two key parameters of the maximum compressive force and the
maximum tensile force. It is found that the auxetic nails do not always
exhibit superior mechanical performance to non-auxetic ones. Also, the
small auxetic deformation of one typical designed auxetic nail is
revealed by the experimentally validated finite element model. The
experimental and numerical results illustrate the limitations of exploit-
ing the auxetic property in the nail application. Some suggestions are
provided for more effective designs of future auxetic nails.

Nails, however, have no application in the design of contemporary
furniture, especially wooden and undemountable (glued) furniture.
Most common application in the furniture industry is wooden dowels
glued into the holes with the use of glue. The holes have larger diameters
than the dowels. Such a loose fit allows the application of glue into the
holes and mounting of the dowels. The formed shape-adhesive joints are
undemountable and used for the assembly of furniture delivered to end-
users in full. The withdrawal strength of the dowels depends on many
factors. Uysal [42] showed that laminated beech veneer dowels gave
higher withdrawal force from medium density fibreboards than from
particleboard. Erdil et al. [43] and Cha [44] determined that the with-
drawal strength of dowels depends on the diameter of the dowel and
hole. This study indicated that dowel withdrawal strength increase in a

experimentally investigated. Pine timber and medium-density linear fashion as a gap between dowel and hole decreases. Yapici et al.
Table 1
Dowel types designed, manufactured and tested in this study.
Dowel type Hole type  Inclusion size ~ Average diameter of dowels (mm)  Average inner diameter of muffs (mm)  Average interference tolerance (mm)  Dowel code
Non- RF Plain 7.86 7.59 +0.27 RF
auxetic
Auxetic A 3 7.88 7.50 +0.38 A3
5 7.91 7.56 +0.35 A5
7 7.90 7.56 +0.34 A7
B 3 7.89 7.52 +0.37 B3
5 7.89 7.54 +0.35 B5
7 7.89 7.49 +0.39 B7
C 3 7.87 7.56 +0.31 C3
5 7.87 7.58 +0.29 C5
7 7.86 7.52 +0.35 Cc7
D 3 7.84 7.54 +0.30 D3
5 7.86 7.59 +0.27 D5
7 7.87 7.55 +0.32 D7
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Fig. 3. Front and side views and real picture of the static tensile test samples.

[45] determined the withdrawal strengths of 6, 8, 10 mm diameter
dowels produced from beech with respect to the edge of medium-density
fiberboard (MDF) or particleboard edged with 5, 10, and 15 mm
thickness of solid wood edge banding of scotch pine, oriental beech and
lime tree, bonded with hot-melt, poly (vinyl acetate) (PVAc) and
Desmodur-VTKA (D-VTKA), a polyurethane-based one-component ad-
hesive. The highest withdrawal strength was obtained in beech dowels
with 8 mm diameter for MDF with 5 mm thickness of solid wood edge
banding of bonded beech with D-VTKA adhesive. Ozcan et al. [46]
determined that the strength of dowels pulling out of narrow surfaces of
furniture elements made of various types of wood, and glued by PVAc
and D-VTKA. Eckelman and Cassens [47] indicated that plain dowels
and spiral-grooved dowels with fine grooving give greater withdrawal
strength from the face of particleboard than do multigroove dowels at
least when excess adhesive is applied in the holes and subsequently
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forced into the substrate as the dowels are inserted into the holes. Erdil
and Eckelman [48] developed predictive expressions that allow de-
signers to estimate withdrawal strength as a function of the diameter of
dowels, their depth of embedment, and density of the composite mate-
rial. The quantitative effect of dowel dimension, dowel position, and
loading distance on bending moment capacity was studied in the paper
[49]. The results showed that the neutral line position keeps almost
steady with various dowel spaces for the two-pin joint. Increasing dowel
diameter and length, fortifying dowel rupture and withdrawal strength,
enlarging dowel space, or moving the bottom dowel far away from the
bottom edge will promote the joint performance.

The above studies prove that, despite their high popularity and low
production costs, the dowel joints are not easy to use optimally. Their
strength depends on many factors. From a practical point of view, for the
end-user, they constitute a significant difficulty in assembling the
furniture. The application of glue and the need to maintain pressure for a
long time during assembly discourage manufacturers from using these
solutions for ready-to-assemble (RTA) furniture. Dowels with auxetic
structure do not require glue during the application. They decrease in
diameter when compressed and increase in diameter when stretched.
Therefore, they can be an alternative to dowel joints in undemountable
furniture.

As seen in reviewed literature, there are many studies related to the
auxetic materials, however, the studies on application of the auxetic
materials in furniture joints are very limited. Specifically, it was
considered in the current study that the auxetic property could be used
to design various superior dowels for easier push—in and harder pull-out
in order to utilize in the furniture joints. The designed dowels could be
utilized for one-time ready to assemble (RTA) furniture joints; therefore,
determining the minimum mounting forces required for assembling the
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furniture joints are very important.

Advanced 3D printing techniques may prove useful in such prototype
studies. Application of the Selective Laser Sintering (SLS) technology
makes it possible to construct even highly complex prototypes of joints
of a high degree of isotropy in the used material.

In this context, designing, producing and evaluating the strength of
fasteners used in the furniture joints with auxetic materials was found
worthy of research. Accordingly, the aim of this study was to design and
manufacture different kinds of auxetic dowels with corresponding muffs
in 3D printing technology, and experimentally, theoretically, and
numerically analyze the minimum mounting forces, contact pressures
and friction coefficients of these dowels in particleboard.

2. Materials and methods
2.1. Design and manufacturing of auxetic dowels and muffs

In the scope of study, 12 types of auxetic dowels with different
patterns, and a non-auxetic dowel, and corresponding muffs were
evaluated. All dowels designed were in 40 mm length and 8 mm
diameter; while the corresponding muffs were in 14 mm length and 12
mm diameter (Fig. 1). On the outside surface of dowels three type (3, 5,
7) of rectangular inclusions (rectangles with semicircles in two ends)
were prepared (Fig. 2a). The dowel core was made as full (A) or with a
1.5 mm, 3 mm and 4 mm hole marked in Fig. 1b as B, C, D, respectively.

The inclusion size factor (3, 5, 7) is described as the thickness of the 4
rectangles that create the rectangular pattern. All the other dimensions
are depending on the thickness of these rectangles. The pattern on the
whole dowel surface consists of repeating the 4 rectangular inclusions in
the longitudinal and circumferential directions. For the comparison, a
non-auxetic dowel without a hole was designed as a reference dowel
(RF). All manufactured dowels had a special head for easy application of
the mounting force. Totally, 130 dowels, including 13 different types of
dowels and 10 repetitions for each, were manufactured for this study.
The experimental design of the study is presented in Table 1.

a)

Fig. 6. The geometry of samples for mounting tests: (a) loading, (b) measuring
of strains.

Fig. 7. Model of the pressed joint with dowels and hole.
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It should be noted that most of the parameters were selected due to
the manufacturing capacity of the 3D printing machine Lisa Sinterit, (3D
Center, Wroctaw, Poland). Firstly, 3D models of the designed dowels
were modeled in the Autodesk Inventor software (Autodesk, Warszawa,
Polska). Then, based on the CAD models, STP and STL models were
prepared for numerical calculations and 3D printing, respectively. The
designed dowels were printed by using polyamide (PA12) (3D Center,
Wroctaw, Poland).

2.2. Materials

The mechanical and elastic properties of the PA12 were determined
according to the uniaxial static tensile tests in accordance with the
procedures described in ASTM D3039/D3039M-17 [50]. The 3D prin-
ted tensile test sample is shown in Fig. 3. A total of 10 samples were
prepared.

Uniaxial tensile tests were carried out on a 10 kN capacity numeri-
cally controlled Zwick 1445 universal testing machine (Zwick Roell AG,
Ulm, Germany) with a 10 mm/min loading rate under the static loads.
Elongations and shortenings in the middle part of the samples subjected
to tension were recorded by Digital Image Correlation and Tracking
method (DICT) using Dantec system (Dantec Dynamics A/S, Skovlunde,
Denmark) (Fig. 4a). In order to include plasticity in numerical calcula-
tions for selected dowels, the experimental stress-strain dependence
(Fig. 4b) had to be converted for polyamide (PA12) after the linear
elastic range was exceeded (Fig. 4c). First the linear elastic range was
determined establishing the linear equation for this section. As shown in
Fig. 4b, the slope of the straight line corresponds to the value of the
modulus of linear elasticity for polyamide equal to E = 709 (standard
deviation SD = 41) MPa, tensile strength MOR = 41 MPa (SD = 3.5
MPa), Poisson’s ratio v = 0.23 (SD = 0.01). Next true stress ot and the
logarithmic plastic strain ¢, required in the FEM algorithm, were
calculated using the equations given below:

€L = €r — (%) (@)
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Fig. 8. Model of the pressed joint with dowels without hole.

Measuring point

a)

Fig. 9. Mesh model of mounting force samples and measuring point.
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modulus of elasticity of polyamide, 0 = engineering stress, and ¢ = en-
gineering strain. For the plastic range in Fig. 4b above the straight line,
the graph for ¢ 7 = f(e 1) was plotted.

The sample base was made of particle board 18 mm in thick, modulus
of elasticity MOE = 2488 MPa (SD = 43 MPa), modulus of rupture MOR
= 11.17 MPa (SD = 1.25 MPa, v = 0.30). The muffs were glued to the
particleboards using Jowat® UniPUR 687.22 adhesive (Jowat Swiss AG,
Buchrain, Swissland). Totally, 130 mounting force test samples were
prepared and tested. Before the tests, diameter of dowels and inner
diameter of corresponding muffs were individually measured with a
digital caliper. On this base, the average interference tolerance was
calculated (Table 1). These data were used in numerical and theoretical
calculations of contact pressure between dowels and muffs. Then sam-
ples were kept for two weeks in a conditioning chamber at 20 °C + 2 °C
and 65% + 3% relative humidity. The dimensions and general view of
mounting force sample is shown in Fig. 5.

3. Experiment

All of the mounting force test of the dowels were carried out on a 10
kN capacity numerically controlled Zwick 1445 universal testing ma-
chine (Zwick Roell AG, Ulm, Germany) with a 10 mm/min loading rate
under the static uniaxial loading (Fig. 6a). In the tests, dowels were
inserted into the muff on the 10 mm deep during the time period 60-90
s. The mounting forces F (N) needed to insert the dowel into the muff
and corresponding displacements were recorded with accuracy 0.01 N
and 0.01 mm respectively. On this basis, the influence of the type of
dowel on the value of mounting force were determined.

In the mounting force tests; in order to obtain the Poisson’s ratio of
dowels, a reference ruler was placed behind the specimens. Before and
during the loading, a few pictures of the samples were taken with an
Olympus OM-D camera (Olympus, Tokyo, Japan). Next dowel strains in
vertical and horizontal directions were analyzed using the National In-
struments IMAQ Vision Builder 6.1 linear analysis software (National
Instruments, Texas, USA) (Fig. 6b). Applying the edge detection method
in the digital image analysis, Poisson’s ratios were calculated. The
methodology of calculating the Poisson’s ratios using digital image
analysis was detailed described in previous publications [51-53]. The
edges of the inclusions located along the axis of the dowel were selected
as the vertical characteristic points. In the direction of the dowel
diameter, the characteristic points were the line of the side wall of the
dowel, clearly visible in the black and white pictures. For each type of
dowel 10 replications was used. In total, 130 mounting force tests were
performed. In accordance with the method used, the coefficients were
determined for the range of linear elasticity. Therefore, it was assumed
that their values would be statistically constant in this range.

4. Theoretical model of contact

To determine the contact pressures in the pressed joint (in this case
mounting force samples), the Lame analogy was used [54]. In the
analyzed case, the muff has an outer radius R3 (mm) and an inner radius
Ry (mm) (Fig. 7). The dowel has an outer radius R; + AR; (mm), larger
by AR; (mm) than the inner radius of the muff Ry, and the radius of the
central hole Ry (mm).

The process of mounting the connection is equivalent to exerting
contact stress (pressure) o, (MPa) on the inner surface of the muff and
the same stress on the outer surface of the dowel. The value of this stress
was calculated from the assumption that R; = Ry due to the contact
stress o.. Using the solution proposed by Lipka [54]circumferential
stresses o, (MPa) and radial stresses o,(MPa) in the elementary segment
of the muff can be expressed in the form:

E u du
= —+9— 2
o= g <r+ dr) ()]
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E du u
T (EH?) @)

where: E (MPa) — dowel module of elasticity, 8 — Poissons ratio, du
(mm) - increment of displacement in the radius direction, u (mm) —
displacement in the radius direction, dr (mm) — increment of interme-
diate radius, u (mm) — intermediate radius. For the connection as in the
Fig. 7, the appropriate stresses can be presented by Lame equations [54]:

o.R3 R; o.R} R}
= 143) <3 1422 4
o R§7R§( 2) r-r\Te )
R? R? R? R?
R; —R; r R; —R; r

hence the new outer radius of the dowel R; taking into account the
displacement u for r = R, is equal to:

o.R| (R*+ R}
Ry + AR, +u,_g, =R +AR, — -9 6
1+ 1+ Ur=g, 1+ AR, E (Rf*Ré 1 (6)

and inner radius of the muff R, , taking into account the displace-
ment u for r = R; is equal to:

oR (R R
R, =R —r =R c 9 7
2 1+ U—g, 1+ £ (R%—R%+ )

Therefore, after comparing Egs. (6) and (7), it can be obtained the
value of contact pressures in the pressed joint:

o EAR, ((R§ - R) (R - RY) )

- R —R§

) ®)
"

In the case of a joint in which the dowel has no hole, it can be applied
classic Hook’s law. Hence, using the markings as in the Fig. 8 and
replacing the angular segment of the circle with a rectangular segment,
contact pressures can be written in the form:

AR,

=—F
R, + AR, ©)

o,

Therefore the mounting force F (N) can be calculated taking into
account the friction coefficient y:

Table 2
Poisson’s ratio values of the dowels from numerical analyses and experiment.

Dowel type Dowel code Numerical analyses (9,) Experiment (9,)
Non-auxetic RF 0.219 0.230
A3 0.217 0.227
AS 0.207 0.214
A7 0.146 0.133
Auxetic B3 —-0.147 —0.153
B5 —0.213 —0.201
B7 —0.234 —0.256
C3 —0.185 —0.182
C5 —0.236 —0.229
Cc7 —0.311 —0.346
D3 —0.336 —0.357
D5 -0.377 —0.388
D7 —0.412 —0.442
Table 3
Summary of ANOVA results for mounting forces according to first approach.
Source Degrees of Sum of Mean F-Value  P-Value
freedom squares squares
Dowel 12 673,810 56150.8 73.26 0.000
type
Error 117 89,675 766.5
Total 129 763,484
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Table 4

Mean mounting force F (N) of the dowels with their coefficients of variation.*
Dowel type RF A3 A5 A7 B3 B5 B7 C3 C5 Cc7 D3 D5 D7
Mean (N) 290 252 302 231 211 236 194 96 151 127 88 122 100
COV* (%) 18.4 10.8 11.0 15.3 14.3 16.6 9.4 18.7 9.4 11.5 14.7 11.8 9.6
HG A B A BC CD B D H E EF H FG GH

* Values followed by the same capital letter are not significantly different, COV: Coefficients of variation.

F =2uoc.mR,L (10)

where: L (mm) - the length of the dowel in the muff.

In the planned task, the mounting force F was experimentally
determined first. Then the contact pressure value was calculated
numerically o.. On this basis, the coefficients of friction for individual
types of connections were calculated from the equations:

F

~ 20.7R,L an

H

5. Numerical model

Models of samples were supported analogy as in the experimental
part. Geometry, loading and boundary conditions of the model were
based on Fig. 6. In general, 10-node modified quadratic tetrahedron
element C3D10M type, was used to all parts of model (about 657,000
elements and 1,622,000 nodes per model) (Fig. 9a). As shown in Fig. 9b,
the diameter of the dowel was larger than the inner diameter of the muff
(see tolerances in Table 1). Therefore, during pressing the dowel into the
mulff, firstly the contact pressure between surfaces of the dowel and muff
were simulated, and then the mounting force increase caused by the
interaction of contacting surfaces. The polyamide is modeled as elastic-
perfectly plastic materials and particle board as elastic - isotropic ma-
terial. In addition, geometric nonlinearity is considered to represent the
large deformation of the structure. Between dowel and muff general
surface contact were modeled including no friction. Computations were
performed at the Poznan Supercomputing and Networking Center
(PSNC) using the Eagle computing cluster. The finite element analysis
was conducted using Abaqus/Explicite v.6.14-2 (Dassault Systemes
Simulia Corp., Waltham, Ma, USA). The measuring point indicated in
Fig. 9 was used to determine the change in the value of the contact
pressures during insertion of the dowel into the muff.

On the basis of results of numerical calculations, contact pressures
and coefficients of frictions of dowel joints were obtained and compared
to real test results.

6. Statistical analysis

Two different approaches were applied in the statistical analyses. In
the first approach, mounting force values of the reference (non-auxetic)
dowels were taken into account in the analyses; thus, the mounting force
differences of the 12 different auxetic dowels relative to the mounting
force of reference dowels were determined. For this approach, the one-
way analysis of variances (ANOVA) general linear model procedure was
performed to analyze main effect (dowel type) on the mean of mounting
force.

In the case of second approach, mounting force values of the refer-
ence dowels were not taken into account in the analyses. This time, ef-
fect of the two independent variables (dowel hole diameter and
inclusion size) and their interaction (dowel hole diameter x inclusion
size) on the mounting force were investigated. For this approach, a two-
way analysis of variances (MANOVA) general linear model procedure
was performed to analyze main factors and two-way interaction on the
mean of mounting force.

In both cases, the least significant difference (LSD) multiple com-
parisons procedure at 5% significance level was performed to determine
the mean differences of mounting force values of the samples tested

considering the ‘dowel type’ that was statistically significant in the
ANOVA; and ‘dowel hole diameter’, ‘inclusion size’, and ‘dowel hole
diameter x inclusion size’ interaction that were statistically significant
in the MANOVA results. Minitab (Version 17) statistical software was
utilized for the statistical analyses (Minitab, LLC, State College, PA,
USA).

7. Results and discussion
7.1. Auxetic properties of the dowels

In the study, auxetic properties (negative Poisson’s ratio) of the
designed dowels were numerically and experimentally determined. The
Poisson’s ratios of each designed dowel are given in Table 2.

As seen in Table 2; the Poisson’s ratios calculated by numerical an-
alyses and experimental results are on average 98% consistent with each
other. For the dowels without hole (A3, A5, A7), negative Poisson’s
ratios were not obtained from both numerical and real tests. It means
that these dowels did not show auxetic properties. From these results, it
could be said that there should be hole inside the dowels for providing
the auxetic properties. In the case of the dowels with hole (B3, B5, B7,
C3, C5, C7, D3, D5, D7), the Poisson’s ratio values of each dowel were

Table 5
Summary of MANOVA results for mounting forces according to second
approach.

Source Degrees of Sum of Mean F-Value  P-Value
freedom squares squares
Dowel hole 3 496,520 165,507 279.53 0.000
diameter
Inclusion size 2 43,757 21,878 36.95 0.000
Hole diameter 6 13,324 2221 3.75 0.002

x Inclusion
size

Error 108 63,945 592
Total 119 617,546
Table 6

Mean comparisons for dowel hole diameter and inclusion size on mounting
force.

Dowel hole diameter Mounting force (N) Inclusion size Mounting force (N)

Mean (HG) Mean (HG)
(A) 0 mm 261 A
(B) 1.5 mm 213 B (3) 0.3 mm 161 B
(C) 3 mm 125 C (5) 0.5 mm 203 A
(D) 4 mm 103 D (7) 0.7 mm 163 B

Table 7
Comparison test results for dowel hole diameter — inclusion size interaction.
Dowel hole diameter Inclusion size
(3) 0.3 mm (5) 0.5 mm (7) 0.7 mm

Mean (HG) Mean (HG) Mean (HG)

(A) 0 mm 252 B 302 A 231 BC
(B) 1.5 mm 211 CD 236 B 194 D
(C) 3 mm 96 G 151 E 127 F
(D) 4 mm 88 G 122 F 100 G
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negative. This table also shows the regularity that with increasing in-
clusion sizes, Poisson’s ratios are decreasing. Also, in the case of dowels
without holes, the auxetic structure of the outer surface of the dowel
causes a decrease of Poisson’s ratio. Similarly, as the hole diameter in
the dowel increases, the Poisson’s ratio decreases.

7.2. Experimental results for mounting force

According to the first statistical approach, the ANOVA results indi-
cated that the main factor (dowel type) for mounting force values was
statistically significant at the 5% significance level on mounting forces of
dowels. The results of one-way analysis of variance are given in Table 3.

Table 4 give mean comparisons of mounting force values of the
dowels with their coefficients of variation values along with LSD com-
parison test results.

Generally, results indicated that the auxetic dowels gave lower
mounting force values than the non-auxetic dowels. These results can be
explained by the typical mechanical behavior of the auxetic dowels.
Under the mounting force, the dowels exposed to the compression
stresses in a longitudinal direction, and the diameter of auxetic dowels
was getting smaller, while the diameter of non-auxetic dowels was
getting larger. Therefore, auxetic dowels could insert into the muff with
lower mounting force values, while non-auxetic ones could insert into
the muff with higher mounting force. Dowels C3 and D7 were the easiest
to insert into the muff; however, RF and A5 dowels were the most
difficult to insert into the muff. Results also indicated that there was no
statistically significant difference between the dowels RF and A5, A3 and
B5, C3 and D3. In the case of the second approach, the MANOVA results
indicated that the main factors (dowel hole diameter and inclusion size)
and their interaction (dowel hole diameter x inclusion size) for
mounting force values were statistically significant at the 5%

400  =——E-RF —O—F-RF =——E-A3

350 | —O—FA3 ——EAS —A—FAS
—F-A7 —O—F-A7

300 4

250
200 -
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150
100 |

a) 0 2 4 6 8
Displacement (mm)

400 i =——E-RF —O—F-RF ——E-C3

3504 —O-FB —ECS —A—FCS

——FE-C7 —0—F-C7
300 -

250 |
200 -
150 -

Load (N)

100 -

c)

Displacement (mm)
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significance level. Comparing the F-values to one another, it can be
concluded that the mounting force was mainly affected by dowel hole
diameter. The results of the two-way analysis of variance are given in
Table 5.

Table 6 gives mean comparisons of mounting force values of the
dowels for dowel hole diameter and inclusion size.

Results indicated that mounting force values of dowels decreased as
the dowel hole diameter is increased. The mounting force of (B) dowels
was lower than the mounting force of (A) dowels by 18%. In case of (C)
and (D) dowels, the mounting force was considerably lower than the (A)
dowels by 52% and 60%, respectively. In the case of the inclusion size,
the 0.5 mm patterned dowels showed the greatest mounting force
values. The mounting force values between the 0.3 and 0.7 mm
patterned dowels were not statistically different. The mounting force of
0.3 and 0.7 mm patterned dowels were lower than the 0.5 mm patterned
dowels on average 20%. The two-way interaction of mounting force of
dowels according to the dowel hole diameter and inclusion size are
given in Table 7.

As seen in Table 7; the dowels A5 had the highest mounting force
values, whereas the C3, D3, and D7 dowels had the lowest. Overall, it
could be said from the results; the dowels with holes that behaved
auxetic properties gave lower mounting force values than the dowels
without holes that behaved non-auxetic properties. According to the
results, the mounting force value differences between the C7 and D5
dowels, and similarly between the A3 and B5 dowels, were not statis-
tically significant.

7.3. Results of the numerical and theoretical calculations

The numerical and experimental load-displacement relationships of
dowels under the mounting force by comparing with the reference

400 4 =——E-RF —O—F-RF =———E-B3
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——E-B7 —0—F-B7
300 -
2501
2
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©
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0 T ,
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400 4 —E-RF —O—F-RF ——E-D3
350 ] —O—FD3 ——ED5 —A—F-D5
——E-D7 —0—F-D7
z
-
5]
<]
-

Displacement (mm)

Fig. 10. Relationship between load and displacement. Comparison of the experimental (E) and numerical (F) results: (a) dowels A type, (b) dowels B type, (c) dowels

C type, (d) dowels D type.
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Fig. 11. Relationship between contact pressure and displacement: (a) dowels A type, (b) dowels B type, (c) dowels C type, (d) dowels D type.

dowel (RF) are given in Fig. 10 for each group. The presented compar-
ison does not apply to average values, which were discussed in items 7.1
and 7.2, but individual selected joints from each group. In this way, it
was ensured that the numerical model corresponds to a specific dowel
and a specific muff. So, for this reason, the discussed maximum forces
values will differ from the average values.

According to the load—displacement relations generally, the numer-
ical (FEM) results gave reasonable estimates for the mounting force
tests. It can be seen from the results that the non-auxetic dowels, without
hole (A3, A5, A7), were inserted into the muff with higher mounting
force values than the RF dowel. The highest mounting force was ob-
tained from the A5 dowels among the dowels without hole. In case of the
auxetic dowels has 1.5 mm diameter hole (B3, B5, B7), all dowels
showed similar behavior with the RF dowel until approximately 5 mm
displacement was provided. After this point, the mounting force values
and mechanical behavior of the dowels were getting different. B5 dowels
also gave the highest mounting force values like in the A dowel (non-
auxetic) group. B5 and B7 dowels gave higher mounting force values
than the RF dowel, while the B3 dowel indicated the minimum
mounting force values. For the auxetic dowels has 3 mm (C3, C5, C7)
and 4 mm (D3, D5, D7) diameter hole were easily inserted into the muff
relative to the RF dowels. These dowels gave lower mounting force
values than the RF dowels. C7 and D7 gave the lowest mounting force
values among the C and D dowel groups, respectively.

Based on Fig. 10, general tendencies are also outlined. From
dependence a and b, it follows that the smallest mounting forces were
noted for dowel type A7, A3 and B7, B3. So, for structures with Poisson’s
ratio equal 0.146, 0.217, —0.237, —0.143, respectively. On the other
hand, it can be seen for the ¢ and d relationships that the smallest
mounting forces were noted for dowels type C3, C7 and D3, D7. So, for
structures with Poisson’s ratio equal —0.185, —0.311, —0.336, —0.412,
respectively. It follows that the hole diameter has a dominant effect on

the reduction of mounting forces. It should be considered that increasing
the diameter of the hole reduces the cross-section of the dowel and re-
duces its stiffness. An additional factor reducing the stiffness of the
dowel joints is also the size of the inclusions. If the size of the inclusions
increases, then the Poisson’s ratio and the stiffness of the joints decrease.
So, the overlapping of the two most unfavorable dimensional parame-
ters causes a significant reduction in the value of mounting forces.

The contact pressures around the surface of dowels and displacement
relations of dowels under the mounting force by comparing with the
reference dowel were also investigated in the numerical analyses and
results are given in Fig. 11 for each group.

As seen from Fig. 11, contact pressures were getting higher until

a) lb'

Fig. 12. Geometry of auxetic dowels before (a) and after mounting (b).
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approximately 2 mm displacement was provided. After this point, the
contact pressure values were getting decrease and then especially the
auxetic dowels inserted into the muff under very low contact pressure
values. According to the contact pressure-displacement relations; for the
auxetic dowels (B3, B5, B7, C3, C5, C7, D3, D5, D7) the contact pressure
values around the surface of dowels were considerably lower than the RF
dowel. Contact pressures around the surface of non-auxetic dowels
without hole (A3, A5, A7) were also lower than the reference dowel.

The diameter of the auxetic dowels shrunk under the mounting force
because of the auxetic behavior. This phenomenon was verified by
means of numerical analyses. The geometry of deflected shape of the
auxetic dowel was obtained from the numerical analyses and given in
Fig. 12 in comparison with the geometry of the auxetic dowel before
mounting.

The Mises stress distribution inside the reference (RF) and auxetic
dowels during the mounting process were obtained from the numerical
analyses and the graphical results are given step by step in Fig. 13.

Asseenin Fig. 13, with the effect of mounting force, the stresses inside
the surface of the RF dowel decreased and increased in case of auxetic
dowel as the dowel penetrated into the muff. However, the stress values
inside the RF dowels were slightly higher than the auxetic dowels. During
the first contact of the dowel with the muff, the largest stresses occur at the
edge contact of both parts. Next, stresses increase and concentrate in the
central part of the reference dowel. For the auxetic dowel, the greatest
stresses occur near the inclusions. They are not greater than the maximum
strength of the materials (41 MPa). Furthermore, the contact pressure
distribution around the surface of reference and auxetic dowels during the
mounting process were also observed from the numerical analyses and the
graphical results are given in Fig. 14.

As expected contact pressure distribution around the surface of
dowels gave similar tendency to the distribution of stresses around the
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(Avg: 75%)
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+1.940e+01
+1.779e+01
+1.619e+01
+1.459e+01
+1.299e+01
+1.138e+01
+9.781e+00
+8.179e+00
+6.576e+00
+4.974e+00
+3.372e+00
+1.769e+00
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surface of dowels. According to the numerical analyses results, contact
pressure around the surface of the RF dowels decreased and increased in
the case of auxetic dowel as the dowel penetrated into the muff. Fig. 14
also shows that the first highest contact pressure occurs at the edges of
the muff and the dowel, i.e. at the beginning and end of the contact
surface. The first contact pressures around the surface of RF dowels
(36.11 MPa) were considerably higher than the auxetic dowels (19.08
MPa). In addition, in the case of the reference dowel (RF) the distribu-
tion is even, but on the surface of the auxetic dowel is concentrated near
the inclusions. Therefore, the contact pressures in the auxetic dowels are
significantly greater than in the RF dowels, 23.86 MPa, and 13.31 MPa,
respectively.

According to the results obtained from contact pressures and stress
distributions, it could be concluded that more mounting force values
were required to insert the non-auxetic reference dowels into the muff
than auxetic dowels.

In the study, maximum contact pressures were numerically and
theoretically calculated for each dowel group and compared to each
other. Theoretical calculations were performed by using the Lame
analogy (Egs. (8) and (11)) for the dowel with hole, and by using the
classic Hook’s law (Egs. (9) and (11)) for the dowel without hole. The
contact pressure values obtained from the numerical analyses and the
values theoretically calculated are presented in Table 8.

As seen in Table 8, the results of calculations of contact pressures and
friction coefficients differ significantly. It should be noted that for dowels
RF, A (3-7) the differences between results of the FEM and Eq. (9) are
much smaller than for Eq. (8). However, for auxetic dowels, the results
from FEM and Eq. (8) are closer. Similar relationships were observed in
the paper [55]. Therefore, taking into account the good compliance of the
results of numerical calculations with the experiment, for further
research, it was decided to use the results of numerical calculations.
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Fig. 13. Stress distribution of dowels during mounting process: (a) reference (RF) (b) auxetic.
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Fig. 14. Contact pressure distribution during mounting process: (a) reference (a) auxetic.

Table 8
Contact pressures and friction coefficients for the dowels.

Dowel Dowel Contact pressures Friction coefficients
type code (MPa)
FEM  Eq. Eq. FEM  Egs. (8), Egs. (9),
(8) ©) a1 11
Non- RF 208 1.2 22.5 0.037  0.591 0.033
auxetic

A3 171 1.8 34.2 0.049  0.435 0.025
A5 133 1.7 31.4 0.121  0.900 0.052
A7 176 1.6 30.5 0.065 0.676 0.037

Auxetic B3 100 1.7 33.4 0.066  0.384 0.020
BS 2.8 1.6 31.4 0.217 0.657 0.036
B7 4.4 1.8 35.1 0.189  0.490 0.027
C3 1.8 1.3 28.8 0.139  0.193 0.010
C5 2.6 1.1 25.2 0.145 0.367 0.016
Cc7 1.3 1.4 31.8 0.292  0.244 0.012
D3 1.9 1.0 27.1 0.205  0.335 0.014
D5 3.7 0.9 235 0.102 0.458 0.018
D7 1.8 1.0 27.0 0.227 0.390 0.015

8. Conclusions

This study was carried out to obtain experimental and numerical
information related to the minimum mounting forces of auxetic dowels
manufactured from PA12. Based on the analysis of the results of
research, a couple important conclusions and suggestions could by
formulated.

According to the numerical and experimental results, there should be

10

a hole inside of the dowels for obtaining the negative Poisson’s ratio.
Auxetic dowels gave considerably lower mounting force values than the
non-auxetic dowels. The diameter of the hole and inclusion size of
auxetic dowels significantly affected the mounting force at the 5% sig-
nificance level. Mounting forces of dowels decreased as the dowel hole
diameter is increased. For the inclusion size between 0.3 mm and 0.7
mm, the mounting forces were not statistically different, and they gave
lower mounting force than the 0.5 mm patterned dowels. According to
the numerical calculations, contact pressure around the surface, and
Mises stresses inside of the RF dowels were considerably higher than the
auxetic dowels. Therefore, less mounting force values were required to
insert the auxetic dowels into the muff. The non-auxetic A5 dowels had
the highest mounting force values, whereas the auxetic C3, D3, and D7
dowels had the lowest. Results showed that numerical and theoretical
analyses of the samples by FEM provide reasonable estimates of these
samples consistent with the actual test results. It could be clearly seen
that the numerical and experimental analyses provide useful insight into
actual test results.

The results of this study provide numerical and experimental infor-
mation on the mounting force of auxetic dowels, which will in turn help
optimize furniture engineering design and construction of furniture
joints with these kinds of fasteners. In conclusion, it was decided to
continue this investigation and determine the withdrawal strength this
type of dowels in furniture joints.
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