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ABSTRACT

This paper deals with research on the impact of composition on compression set of the PU
foam mattresses. Three type of mattress composition, with sandwich structure and self-clamping
joints, were used for research. The fourth type, which contained traditional glued joint, served as
a reference. During static compression of mattresses, the properties of the individual layers have
been recorded or calculated, such as Young’s modulus, shear modulus and coefficient of shear
friction, which were necessary for the SolidWorks simulation of the permanent deformation.
The results, as well as simulations of mattress compositions, have proven that the compression
set is strictly dependent on the loading time. The highest permanent deformation was recorded
for mattress type A and the lowest ones for mattress type B, which had permanent deformation
almost identical to that of the composition with glued joints. The last two mattress types had
permanent deformation 35 % greater. It is clear from the results that the properties of self-
clamping joints in upholstery can equal those of conventional glued joints. Using self-clamping
joints is more advantageous in that they exclude the negative effects of glues as well as the gluing
process itself.

KEYWORDS: Polyurethane foam; compression set; self-clamping joints; glued joint; mattresses.

INTRODUCTION

Together with spring mattresses, foam mattresses are currently among the most widely
used mattresses. A high-quality foam mattress can provide good pressure support while copying
body’s shape and its weight. Foam mattresses are made of materials with various properties such
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as standard polyurethane (PU), viscoelastic (memory or low-resilience) (Gama et al. 2015), cold
(high-resilience), as well as latex foams.

Standard PU foams provide good flexibility, low weight, and a balanced stiffness-to-weight
ratio. However, they may degrade over time and they deform more rapidly than, for example,
viscoelastic foams. For this reason, they are used for common types of upholstered furniture
having standard requirements. The current trend is to produce PU foams based on biomaterials
(e.g., soy polyols) instead of crude oil (Faruk et al. 2014). Viscoelastic foams characteristically
adjust to the pressure of the human body due to its temperature, thereby ensuring the necessary
weight distribution. They are used in upholstered furniture designed for heavy loads or long
use (in hospitals and retirement homes). Their disadvantage is the direct dependence on the
surrounding temperature. Cold foams characteristically return rapidly to their original shape after
load removal and have high elasticity, good breathability, and colder surfaces. Latex foams are the
most suitable for such upholstered products as pillows, mattresses, and cushions (Ramasamy et al.
2013). They have good flexibility, softness, and shape retention and are also suitable for people
with allergies or susceptible to asthma as they are hypoallergenic and resistant to dust. On the
other hand, they are more dense, release liquids less readily, and degrade under UV radiation.

Polyurethane foams are traditionally and most commonly produced by reacting a di- or poly
isocyanate with a polyol (Alzoubi et al. 2014). Both isocyanates and polyols used to produce PUs
contain on average two or more functional groups per molecule. PU foams are materials widely
used in various industries (civil engineering, automotive, packaging, and furniture) due to their
low weight, high porosity, energy absorption, good thermal insulation, and formability (Tu et al.
2001, Marsavina et al. 2013b, Ma et al. 2013, Subramaniyan et al. 2013, Gama et al. 2015, Yan
et al. 2015). In the furniture industry, they are used almost exclusively in upholstered furniture.
PU foams comprise a broad key group of shaping and softening materials in both sandwich and
zone structures for chair and bed furniture (Jin et al. 2007, Smardzewski and Matwiej 2015). In
products with sandwich structures, PU foams can be used mainly in the central layers (Marsavina
etal. 2013a, 2015, Espadas-Escalante and Avilés 2015, Serban et al. 2016). Of the entire range of
densities, only PU foams with densities 10 - 200 kg'm-3 are used in upholstery.

Among basic properties of PU foams is their compression set. Compression set, influenced
by temperature and humidity, is a very important property and so most producers have defined
specific tests and criteria for the suitability of individual foam types. In general, this property
represents the material’s ability to withstand irreversible deformations under a specific force. For
example, two foam types that are almost identical can have very different compression sets as
a result of this property’s dependence on testing conditions (Sonnenschein et al. 2007). Foam’s
compression set depends on its material properties characterized by Young’s modulus, the shear
modulus, and Poisson’s ratio. Standard PU foams are typical examples of isotropic materials that
behave according to the classical theory of elasticity, i.e. a homogenous isotropic 3D object has
Poisson’s ratio ranging between -1 and 0.5 (Bezazi and Scarpa 2007, 2009).

Our goal is to expand knowledge on the impact of various PU foam sandwich composites
on mattresses’ compression sets. All the designed compositions with self-clamping joints were
compared with glued mattresses. For the simulation of stresses the SolidWorks® package was
used.
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Materials

MATERIAL AND METHODS

Test samples were made by combining PU foams with various densities and properties
according to four sandwich structure types (Fig. 1).
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Fig. 1: Dimensions of individual samples of mattresses.

Three mattress composition types had self-clamping joints while the last type with a
common joint served as a reference sample (Tab. 1). Mattress samples, with the dimensions of
180 x 380 x 380 mm, were prepared according to EN ISO 1923 (1995). A total of 5 samples of

each mattress type were used for the experiment.

Tab. 1: Material composition for individual mattress types.

Mattress
type

Mattress

structure

Mattress composition

Joint type

Sandwich

composition

sandwich

YUMA 7573 three-layer covering
fabric

HR-2323 PUR fitment

T-2545 PUR self-clamping joint

T-3050 PUR fitment

T-2545 PUR self-clamping joint

HR-2323 PUR fitment

YUMA 7573 three-layer covering
fabric

self-clamping joint
with tongue-in-
groove (double drop)

SR

e E

sandwich

YUMA 7573 three-layer covering
fabric

HR-2323 PUR fitment

T-3050 PUR fitment

HR-2323 PUR fitment

YUMA 7573 three-layer covering
fabric

self-clamping joint
with tongue and
groove (single drop)
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YUMA 7573 three-layer covering
fabric
HR-2323 PUR fitment self-clamping joint
C sandwich T-3050 PUR fitment with tongue and
HR-2323 PUR fitment groove (dovetail)
YUMA 7573 three-layer covering
fabric
YUMA 7573 three-layer covering
fabric
HR-2323 PUR fitment
D sandwich T-3050 PUR fitment glued joint
HR-2323 PUR fitment
YUMA 7573 three-layer covering
fabric

Tab. 2: Technical parameters of PUR foam types (Boldis 2009).

Apparent CLD- Tensile | Compression SAG
densit hardness creneth . fact.
Type of tested PUR Col ensity (40 %) streng se actor
olor
fe
omm ENISO |ISO3386- | 1SO1798 | EN1856 El; 425;0
845(2006) | 1(1986) (2008) (2001) (2008)
Standard | Alternative (kg.m3) (kPa) (kPa) (%) in. 2.5
min. 2.
marking | marking range range min. 90 (72h)
T-25180 |..
T-2545 (T-25H) light grey | 22.5-25.5 | 3.83 -5.18 160 3 max. 8 -
T-3050 T-30 200 | light blue | 27.5 - 30.5 | 4.25 - 5.75 170 2.5 max. 7 -
HR-2323 | HR-23 090 pink |20.5-23.5|1.96-2.65 110 6.0 max 7 2.8
Methods

Compression set

At the beginning, samples were conditioned for 16 hours at the temperature of 23 + °C and
relative humidity of 50 + 5 %. After conditioning period, the sample thicknesses were measured
according to EN ISO 1923 (1995) and EN 1334 (2001). The final value of the mattress’s
thickness was the average of the four measurements.

The sample was inserted between the two flat plates (Fig. 2) of compression device with
dimensions larger than the samples. Subsequently, the samples were compressed to 50 + 4 % of
their original thickness under the conditioning conditions. After the 2, 4, 24, 48, and 72 hours,
the loading was interrupted and the samples were quickly measured again. Then, the samples
were compressed again. After the 72 + 0.2 hours loading, the apparatus was removed and the
samples recovered for 30 £ 5 minutes on a wooden surface under the same conditions. The last
thickness measurement was done after 10 days of the recovery. The compression set for each time
period was calculated. Whole experiment for determining the compression set was carried out
according to EN ISO 1856 (2001) using a Method C.
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A A,

Fig. 2: Principle of compression set ftesting.

Measurements

The values for maximum loading force were downloaded from the data logger onto a
computer and the Young’s modulus in compression and shear modulus was calculated. Poisson's
ratio was set to 0.3, which is applicable to most materials including standard polyurethane foam
(Greaves et al. 2011).

Simulation

For simulation of real mattress behavior, it was necessary to know both the physical and
mechanical properties of the individual layers in the SolidWorks®, 2010 application. The
isotropic linear model required Young's moduli in compression, shear moduli, Poisson's ratios, as
well as shear friction coefficients of individual layers (Tabs. 1 - 4).

Fig. 3: Mattress sample, type A (v, v2 — upper/  Fig. 4: Mattress sample, type B (v1, v2 — upper/
lower layers; s — middle layer; spl, sp2, sp3 — lower layers; s — middle layer; spl, sp2, sp3 —
Joints). Joints).

Fig. 5: Mattress sample, type C (v1, v2 — upper/ Fig. 6: Mattress sample, type D (v1, v2 — upper/
lower layers; s — middle layer; spl, sp2, sp3 — lower layers; s — middle /ayer).
Joints).

The simulation was done for three types of self-clamping joints as well as glued joint.

Mechanical characteristics of all layers for four mattress types are shown in (Tabs. 3 - 4). For
the simulation only the data for maximum loading of 72 h were used.

1007



WOOD RESEARCH

Tab. 3: Mechanical properties of all mattress types after compression set fest.

Loading Young’s modulus in
Sh dulus G (MP
Mattress L Poisson’s yield compression E (MPa) ear modulus G (MPa)
ayers .
t fe F
ype rago °;§) Y1 2n | 720 | 2400 | 2h | 72h | 240h
vy 0.3 - 0.250 | 0.077 | 0.695 | 0.096 | 0.030 0.267
V) 0.3 - 0.210 | 0.058 | 0.359 | 0.081 | 0.022 0.138
s 0.3 - 0.071 | 0.029 | 0.061 | 0.027 | 0.011 0.023
A spy 0.3 - 1.045 | 0.512 1.395 | 0.402 | 0.197 0.537
sp) 0.3 - 1.679 | 0.513 1.679 | 0.646 | 0.197 0.646
sp3 0.3 - 1.197 | 0.428 | 1.395 | 0.460 | 0.165 0.537
M
arressasal o3 1753 | 0713 | 0.194 | 0.784 | 0.274 | 0.075 | 0.302
whole
v, tspspy| 0.3 - 0.741 | 0.305 | 1.558 | 0.285 | 0.117 | 0.599
Vi + Sp3 0.3 - 0.764 | 0.321 | 1.733 | 0.294 | 0.123 0.667
B s 0.3 - 1.936 | 0.442 | 5.807 | 0.745 0.170 2.233
Mattressasa | 5 2143 | 0.847 | 0.388 | 2.265 | 0.326 | 0.149 | 0.871
whole
V) + 5Py + Sp; 0.3 - 0.904 | 0.196 | 0.497 | 0.348 | 0.075 0.191
V1 +Sp3 0.3 - 0.530 | 0.176 | 0.854 | 0.204 | 0.068 0.328
C s 0.3 - 5.028 | 0.450 | 1.328 | 1.934 | 0,173 0.511
Mattress asa | 5 2758 | 0.670 | 0.225 | 0.617 | 0.258 | 0.087 | 0.237
whole
vy 0.3 - 0.190 | 0.092 | 0.348 | 0.073 | 0.035 0.134
V) 0.3 - 0.202 | 0.098 | 0.304 | 0.078 | 0.038 0.117
D s 0.3 - 0.734 | 0.266 | 0.729 | 0.282 | 0.102 | 0.280
M
arressasal o3 1786 | 0.578 | 0.286 | 0.678 | 0.222 | 0.110 | 0.261
whole
Tab. 4: Coefficient of shear friction between individual mattress layers.
Combination of layers LFB-vl |[LFB-v2 | v2-sp | vl-s | sp-s | vl-sp
Coefticient of shear friction ki 1.106 1.2799 | 1.2349 [2.4751| 1.3764 | 1.428

*Note: LFB — laminated fiberboard, v;, v, — upper/lower layers, s — middle layers, sp — joints.

Simulation procedures for compression set
The obtained data were analyzed and the simulation results were compared with real ones
according to the following steps.

1. Drawing of 3-D models for designed types of foam mattresses using the SolidWorks
application.

2. Transformation of 3-D models to COSMOS Works sub-application and input of boundary
conditions for designed foam mattresses based on both identified factors and material
properties of the used foam materials (Tabs. 1 to 4).

3. Creation of finite elements network in COSMOS Works sub-application. The assembly
network consists of volume elements. In the structural assemblies, each node has three
degrees of freedom within the volume element, representing the shifts in three orthogonal
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directions. For the problem formulation, the software uses the directions X, Y, and Z of the
global Cartesian system of coordinates. For the simulation purposes, a network consisting
of linear volume tetrahedral elements has been used.

4. The simulation of permanent compression deformations (compression set) in the linear zone
of the isotropic models by COSMOS Works sub-application.

5. Results evaluation.

6. Comparison of experimental results with simulations (Fig. 14).

FEvaluation and calculation

The compression set (permanent deformation in compression) was calculated according EN
ISO 1856 (2001) and Eq. 1:
cs.= h"h_ h, x 100 )

0

where:  cs. - compression set (%),
by - original height (thickness) of upholstery samples before testing (mm),
A, - height (thickness) of upholstery sample after recovery (mm).

The influence of mattress type and time of recovery on compression set was statistically

evaluated using ANOVA, mainly by Fisher’s F-test, in STATISTICA 10 software (Statsoft Inc.;
USA).

The Young’s modulus in compression was calculated according to Eq. 2:
F h

- 2Ty (@)
S.Ah

where:  E - Young’s modulus in compression (MPa),
F), - loading force at yield point (N),
§ - actual cross-sectional area through which the force is applied (mm?2),
b, - original height (thickness) of the material,
Ah - amount by which the height (thickness) of the material changes (mm).

E

Shear modulus was calculated according to Eq. 3:
_E
2(1+v) ®)

where: G - shear modulus (MPa),
E I-Young’s modulus in compression (MPa),
v - Poisson’s ratio (-).

G=

RESULTS AND DISCUSSION

A two-factor analysis was used to evaluate how the actual tested permanent deformation
of various mattress types varied under pressure at various loading/recovery time. All factors are

statistically significant (Figs. 7-8 and Tab. 5).
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Tab. 5: Influence of factors on compression set.

Monitored factor Sum of Degree of Variance Fisher’s Significance

squares freedom F-test Level P

Intercept 18422.4067 1 18422.4067 | 6802.1012 0.0000

Mattress type 1484.7588 3 494.9196 | 182.7391 0.0000

Loading/recovery time | 2659.6595 5 531.9319 196.4051 0.0000

Mattress type * 875.3073 15 58.3538 | 21.5460 0.0000
Loading/recovery time

Error 1495.0040 552 2.7083

*Note: Statistical significance was evaluated at the 95 % confidence interval.

10 10

9 9

8 8

Compression set (%)
-
Compression set (%)

A B c D 2 4 24 48 7 240

Mattress type Loading/recovery time (h)

Fig. 7: Influence of mattress type on compression [Fig. 8: Influence of loading/recovery time on

set. com])resxion set.

Fig. 9 depicts permanent deformation change with loading/recovery time and for all tested
mattress types. After 2, 4, and 24 hours of loading the tested mattress samples with double drop
(tongue-in-groove) self-clamping joints significantly differed from the other tested mattress
samples. After 48 hours of loading, the tested mattress sample types with single drop and dovetail
(tongue and groove) self-clamping joints also differed significantly from the mattress samples
with double drop self-clamping joints. After 72 hours of loading, the significant differences in
permanent deformation under pressure in the aforementioned mattress types widened. After
240 hours of the recovery, there was only significant difference between samples with dovetail
self-clamping joints and the other tested samples. Throughout loading and recovery time,
tested samples with single drop self-clamping joints did not differ significantly in permanent
deformation from referenced glued samples. Samples with dovetail self-clamping joints did not
conform to the reference sample mainly due to the large difference in permanent deformation
after the load was removed.

The Figs. 10 to 13 show the course of deformations of sandwich structures during
compression to 50 % of their thicknesses. The zones with the deformation highest values are
marked with red color. The direction of compression deformations can be seen. The zone of
highest deformations is located mainly in the area of contact between the compression plate and
the sandwich top layer. With the acting force increase, the deformation of samples with self-
clamping joints is apparent mainly in the area of deaeration hole as well as notched top layer. Both
top and bottom layers are elongating and the middle layer remains almost unchanged. In the case
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of glued sample D, almost uniform deformation occurs. It is concentrated in the sandwich top
layer; whereas both top and bottom layers are extending slightly into the sides.

Mattress type
16 FA

=B
14 R xC

=D

Compression set (%)

9]
s

24 48 72 240
Loading/recovery time (h)

Fig. 9: Influence of mattress type and loading/recovery time on compression set.

URES (mm)
URES (rim)
15000

Fig. 10: Course of permanent deformation for Fig. 11: Course of permanent deformation for
composition A after 72 b loading. composition B after 72 b loading.

URES ()
9526

Fig. 12: Course of permanent deformation for [Fig. 13: Course of permanent deformation for
composition C after 72 h loading. composition D after 72 b loading.

Mattress types A, B and C had minimum simulated deformations in the areas of self-
clamping joints; however, for the overall sandwich structures, these deformations were greater
than for sample D.

Comparison of simulation with real deformation

Subsequently, the permanent compression deformation from the analysis was compared with
real values of compression set. This comparison verified that the samples deformation was similar
to that of real load obtained during testing (Fig. 14).
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16

14

12

Permanent deformation (mm)

150
14.5 i
12.8
11.5
10.7
A B c

Mattress type

D Average

® Measured value = Simulated value

Fig. 14: Comparison of measured and simulated values of permanent deformation for the individual
mattress types.

The simulated deformations for all sample types are apparently lower than the real measured
values; however, they copy the real deformation courses. Only sample B had higher simulated
values than those measured in reality. Therefore, we can conclude that the samples with glued
joints achieved the lowest, both real and simulated values, of the permanent compression
deformation. It means that the longest durability among the tested mattress types was proved.
However, sample B achieved similar measured values as sample D.

CONCLUSIONS

The permanent deformation of both self-clamping joints as well as glued joint can be
considered as the most important result. The following conclusion can be drawn: the foam
mattresses with sandwich structure and glued joint are recommendable because of their durability.
Glued joint shows the lowest deformations, so they are the most suitable among the compared
joints. Mattresses with self-clamping joints achieve higher compression sets, although the
difference to the compositions with glued joints is not very marked. Therefore, the compositions
with self-clamping joints can be recommended as an alternative to the glued joints (also taking
into account ecological aspects). Another contribution of the study is the fact that, the given
material characteristics can be used in construction objective and precise models.
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