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ARTICLE INFO ABSTRACT

Keywords: Environmental concerns over plastic pollution have intensified the search for alternative materials for single-use
ThermOf‘frming products, such as trays for food packaging. Dry forming, using wood pulp fibres, is a promising technology for the
Dry-forming fabrication of various single-use products. However, the fabrication of trays with relatively complex geometry is
‘(,:\I;Orjc?:rriijmon challenging. In this study, an approach is introduced where trays are pre-formed in tailored three-dimensional

(3D) printed meshes with varying distances between the printed lines in the side walls (1.5 mm, 1.8 mm and
2.0 mm) and bottom (1.0 mm) of the trays. This was expected to facilitate the deposition of wood pulp fibres
during formation of a given tray geometry and subsequently yield trays with adequate grammage and me-
chanical properties. The approach was tested with thermomechanical pulp (TMP) and chemi-thermomechanical
pulp fibres (CTMP). Both fibres have similar chemical composition (carbohydrates and lignin), but differed with
respect to the structural properties. TMP fibres revealed higher fraction of disrupted fibres and fibrils on the fibre
surfaces. These characteristics increased the densification of the TMP trays during thermoforming and thus
provided higher mechanical properties, compared with the corresponding CTMP trays. A tray demonstrator was
developed, with tray depth of 50 mm and side wall angles of 65°. Thermopressed trays (pressure and temperature
of 40 MPa and 200 °C, respectively) yielded strength and modulus of 1-10 MPa and 400-1600 MPa, respectively.
The mechanical performance depended on the type of fibre (TMP or CTMP) and on the area of measurement in
the trays (side walls or bottom).

3D printing
Mechanical properties

1. Introduction

The environmental pollution caused by plastic products has become
a global issue. This is mostly due to: i) large amounts of plastic produced
worldwide (460 million metric tons/year), ii) limited infrastructure and
processes for plastic recyclability, often causing plastic littering (20
million metric ton/year) and iii) poor biodegradability in nature of most
plastic products [1]. Consequently, plastic contamination causes major
negative effects on land and marine wildlife [1,2].

During the last years it has been a major interest on lignocellulosic
fibres as a main component of renewable, biodegradable and recyclable
products to replace single-use plastic products [3]. Various types of
lignocellulosic fibres have been utilized from e.g. wood and annual
plants [4]. Wood pulp fibres are especially interesting as they are pro-
duced in large volumes following well-established technologies that
improve the efficiency of pulp production [5,6]. Among wood pulp fi-
bres, thermomechanical (TMP) and chemi-thermomechanical pulp
(CTMP) are interesting due to their high production yield (more than
90%) and lower prices, compared to e.g. chemical pulps [7].

E-mail address: gary.chinga.carrasco@rise-pfi.no.

https://doi.org/10.1016/j.susmat.2026.e01928

Wood pulp fibres have been utilized to manufacture e.g., trays, liquid
containers, caps, etc. Such products have been rapidly developed based
on two main fibre-moulding technologies, i.e., wet-moulding and dry
forming. Wet-moulding has been a most utilized technology for pro-
duction of packaging items [8]. In wet-moulding, fibres are dispersed in
water at a given concentration (usually lower than 1%), the fibre sus-
pension is suctioned into a mould, compressed with high pressure and
temperature, and dried to consolidate a given three-dimensional prod-
uct. Cycle times between 30 and 70 s have been stated [9]. Recently, dry
forming has gained interest due to the potential benefits of being more
environmentally friendly, i.e., the lack of water in the forming process
reduces the drying step and thus the energy consumption. Therefore, dry
forming requires shorter cycle times (usually less than 10 s). However,
lignocellulosic fibres also benefit from the presence of water during the
formation and drying processes, as water promotes the formation of
hydrogen bonds between fibres [10]. Therefore, the absence of water in
dry forming tends to yield 3D thermopressed specimens that are weaker
than those formed with wet-moulding [11].

The choice of fibres is important in fibre moulding processes.
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Fig. 1. 3D printed devices for dry-forming and cold-pressing. a) 3D printed mesh for dry forming of relatively simple trays (side walls 30°, with bottom and side wall
mesh line distance of 1.0 and 2.0 mm, respectively. b) Magnified area of the 3D printed mesh exemplifying the line distance (red arrow, 2 mm). The upper part
corresponds to the side wall and the lower part to the flat edges. ¢ and d) 3D graphical design of a more complex tray with height of 50 mm and side walls of 65°. e)
3D printed mesh support (yellow) and porous mesh (side walls 65°). f) 3D printed moulds for cold-pressing.

Refining affects the fibre wall thickness and the collapse index of TMP
fibres [12], and thus the corresponding strength and stiffness [13,14].
On the other hand, CTMP provides bulk and drainability (e.g. Canadian
Standard Freeness of >500 ml) [15], which is considered an advantage
for wet-moulding. Fines also influence the mechanical properties posi-
tively, increasing tensile strength [14,16]. TMP is especially interesting
in this respect as this is a high-yield pulp (~95%), that is relatively
cheap. In addition TMP offers a fibre morphology that includes thin wall
fibres, split fibres and fines [17]. Such fibre morphology may favour the
densification of trays during thermoforming and, consequently, the
development of appropriate mechanical properties.

Three-dimensional (3D) printing has become a widely used tech-
nology for various applications. A range of 3D printing technologies
exists, including stereolithography, fused deposition modelling (FDM),
selective laser sintering [18]. FDM is a most versatile process, where
polymers (e.g. polylactic acid (PLA), acrylonitrile butadiene styrene,
high density polyethylene, etc) [18] and biocomposites (e.g. PLA rein-
forced with natural fibres) [19], are melted and deposited in a controlled
process in the x, y and z direction, to form a given 3D shape. FDM is
widely used in the hobbyist and home sector due to the low cost, ease of
use and affordable desktop printers. FDM has also major potential for
rapid prototyping of parts and functional devices with complex geom-
etries and applications in, e.g., biomedicine, construction, automotive,
aerospace, acoustics [20].

According to Freville et al. [21], the main limitation with dry
forming was the depth of the formed item that was limited to 30 mm.
Hence, in this study a new approach was introduced where meshes with
varying geometries were 3D printed for a pre-formation step that
secured adequate distribution of the fibres in the tray walls and bottom.
The pre-forming step was introduced to facilitate the forming of geom-
etries that are higher than 30 mm. The approach was demonstrated with

two relevant wood pulps, i.e., TMP and CTMP. The study provides a
direct one-to-one comparison between TMP and CTMP, regarding for-
mation, structure and mechanical properties of dry formed tray
products.

2. Materials and methods
2.1. Fibre characterization

Picea abies chips and the corresponding TMP fibres were provided by
Norske Skog Saugbrugs. The CTMP was a Scandinavian market pulp.
The chemical composition and morphology of the pulp fibres were
assessed. The carbohydrate composition and lignin content was quan-
tified following the protocols described in NREL/TP-510-42,618
“Determination of Structural Carbohydrates and Lignin in Biomass”.
The acid soluble and insoluble lignin was quantified according to TAPPI
UM 250 and NREL/TP-510-42,618-method, respectively.

A Lorentzen & Wettre Fibre Tester Plus was used to quantify the pulp
fibre dimensions in triplicate. The pulp fibres (0.1 g) were dispersed in
300 ml distilled water before measurement. The fibre length (mm),
width (um), fines (length averaged, %), fibril perimeter (%) and fibril
area (%) were quantified.

The Canadian Standard Freeness (CSF) of the pulps was measured in
duplicate according to ISO 5267-2:2001 standard.

2.2. Scanning electron microscopy and analysis

The pulp fibres (TMP and CTMP) and thermopressed samples (TMP
and CTMP trays, bottom and side wall samples) were embedded in
epoxy resin for scanning electron microscopy analysis (SEM, Hitachi
SU3500), in backscatter electron imaging (BEI) mode. The epoxy-
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Fig. 2. Schematic representation of a dry forming step.

embedded samples were dried for at least 48 h before grinding and
polishing as described by Reme et al. [22]. The samples were coated
with carbon before imaging at 100x and 300x magnification. Four
images were acquired for each sample, with a resolution of 0.17 pm/
pixel (300x magnification). Correspondingly, SEM secondary electron
imaging (SEI) was applied to acquire images from the surface of the fi-
bres. The samples were coated with a thin layer of gold before imaging at
300x magnification.

Image processing and analysis was performed on the SEM BEI im-
ages, including thresholding, median filtering and binary operators to
remove noise particles. The cross-sectional analysis was based on a
Euclidean distance transform (EDT), as previously described [23].

2.3. 3D printing of meshes and moulds

The Solidworks software (2023 SP4 version) was used for designing
various parts for dry forming, including the meshes, supporting frames
and moulds. The geometry of Tray 1 (Fig. 1, upper panel) was relatively
simple, i.e., 200 x 200 mm and 30° side wall inclination. Three meshes
were 3D printed with varying line distances on the side walls, i.e., 1.5,
1.8 and 2.0 mm (Fig. 1a and b). The mesh size at the bottom of the mesh
was 1.0 mm and remained constant. The line distance was defined in the
Cura program (version 4.5) by defining the infill pattern and refers to the
distance from the centre point of one printed line to another (Fig. 1b).
The obtained mesh openings after printing may be influenced by the
nozzle dimensions and the printing parts. i.e. more accurate on the flat
bottom than on the inclined side walls of the tray mesh (Fig. 1b).

A second tray was designed with dimensions 243 x 156 mm, with

Table 1
Chemical composition of the chips and wood pulp fibres applied in this study.
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65° side wall inclination (Fig. 1, lower panel). Two meshes were 3D
printed for fabricating this tray, i) side wall line distance of 2.0 mm and
bottom of 1.0 mm, and ii) side wall line distance of 2.0 mm and solid
bottom (no openings).

All the devices were sliced with the Cura program and 3D printed
with an UltimaMaker S5 printer, using polylactic acid (PLA) filament
(diameter: 2.85 mm) and a nozzle of 0.4 mm. The mesh support, porous
mesh and moulds for cold-pressing are presented in Fig. 1.

2.4. Dry forming

The dry pulp fibres (TMP and CTMP) were fluffed with a hammermill
at 4500 RPM and using a 5-mm wire opening. The fluffy fibres were
introduced to a dry forming apparatus consisting of a forming head,
forming table and vacuum box. The size of the forming table was 300 x
300 mm. The 3D printed mesh was placed in the middle of the forming
table and was used to collect fibres as a stream of air was maintained
from the forming head to the forming table (Fig. 2). The target gram-
mage of the pre-formed samples was 500 g/m?2.

The pre-formed samples (using the meshes exemplified in Fig. 1a and
e) were transferred from the 3D printed mesh to 3D printed moulds for
cold-pressing (force 50 kN during 1 min). This step was performed to
consolidate the pre-formed trays and facilitate the manual transfer of the
trays to the hot metal moulds. The metal moulds were manufactured in
7075 aluminium alloy. The moulds were designed so that the bottom
and upper edges of the mould parts touched when no fibres were present
between them. The trays were thermopressed in the metal moulds using
10, 30 and 40 MPa pressure, during 30 s at 200 °C. This temperature is
above the softening temperature of lignin [24], and it was expected that
this would contribute to increasing the density and strength of the
thermoformed trays.

In a first trial, the formation of the deep trays (depth = 50 mm,
Fig. 1c-1f) was divided into two steps: i) a pre-forming step (30 s) with
the 3D printed mesh having 2.0 mm side wall line distance and 1.0 mm
bottom line distance, and ii) a consolidation step (120 s) with a 3D
printed mesh with 2.0 mm side wall line distance and solid bottom
(without openings). The second trial was also divided into two steps: i)
fibre deposition with the bottom of the mesh completely closed (without
pores) and the side walls with mesh line distances that increased grad-
ually from O (bottom) to 1.5, 1.8 and 2 mm in the upper part of the side
wall and ii) a second deposition step where only the side walls were
allowed to collect fibres, i.e., the deposition of fibres on the bottom was
blocked by placing a solid 3D printed cup that collected fibres from the
central part of the tray. The cup with collected fibres was removed after
forming. This was done to force the deposition of fibres on the side walls
by the airstream caused by vacuum and limit the deposition of fibres on
the bottom of the tray. The trays were thermopressed with 40 MPa (1950
kN), during 30 s.

The temperature of the moulds was 200 °C during all the pressing
trials. A LabPro 2000 press (Fontijne, the Netherlands) was used for hot-
pressing.

2.5. Characterization of the thermoformed trays
The tray samples were conditioned at 23 °C and 50% relative hu-

midity for at least 24 h before measurements. The thicknesses and
densities of the bottom and sides of the trays (TMP and CTMP) were

Code Sugars

Lignin

Glucose (%) Xylose (%) Galactose (%)

Arabinose (%)

Mannose (%) Acid Insoluble (%) Acid soluble (%)

Chips 42.91 +0.93 5.20 + 0.20 1.44 + 0.05 0.75 + 0.02 11.35 + 0.94 27.99 £ 0.14 0.55 + 0.02
TMP 47.50 £ 0.02 5.03 £ 0.28 1.30 + 0.08 0.61 £+ 0.03 12.87 + 0.92 26.13 £ 0.13 0.52 + 0.52
CTMP 44.24 +1.83 5.41 +£0.28 2.00+0.13 0.96 £ 0.11 10.94 £+ 0.35 26.91 + 0.02 0.85 + 0.08
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Fig. 3. SEM surface images (upper panel), SEM BEI analysis (middle panel) and the corresponding binarized images (lower panel).
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Fig. 4. Quantification of fibre wall thicknesses based on EDT.

quantified, according to ISO 534 Paper and board — Determination of
thickness, density and specific volume). Four replicates were undertaken
for the bottom and sides of each sample.

A Zmart.Pro universal material tester (Zwick, Germany) was used to
assess the mechanical properties (tensile strength, modulus and elon-
gation), following the ISO 1924-3 Paper and board — Determination of
tensile properties — Part 3: Constant rate of elongation method (100
mm/min). The width of the assessed samples was 15 mm and the dis-
tance between the clamps during tensile testing was 40 mm.

Table 2
Fibre Tester analysis of TMP and CTMP.
Pulp Mean Mean Mean fibril ~ Mean fibril Fines
code length width area (%) perimeter (%) (%)
(mm) (pm)
TMP 1.38 + 33.13 £ 10.43 + 34.33 £ 0.87 45.83 +
0.03 0.21 0.38 0.70
TMP- 1.25 + 32.27 + 5.97 + 20.50 + 0.96 47.87 +
fluffed 0.01 0.06 0.38 0.32
CTMP 1.50 + 35.77 £ 417 + 16.77 + 0.49 58.07 £
0.02 0.12 0.15 0.85
CTMP- 1.45 + 36.37 + 3.30 + 13.50 + 0.36 54.80 +
fluffed 0.01 0.31 0.17 0.72

3. Results and discussion
3.1. Fibre characteristics

The chemical composition of the Picea abies chips and mechanical
pulp fibres (TMP and CTMP) are given in Table 1. There are no major
differences between the chips and the two pulp fibres, having similar
content of sugars and lignin. The carbohydrate composition and lignin
content are within the levels previously reported for wood from Picea
abies, e.g. glucose between 42 and 48% and lignin between 26 and 28%
[25-27], which confirms the obtained results.

The TMP process applies pressurized steam to facilitate the refining
by softening the lignin. Some 2000 kWh/ton is typically consumed
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Fig. 5. Formation of trays. a) Formation step, fibres deposited on the 3D printed mesh. b) Pre-formed tray transferred to the upper metal plate. ¢) and d) Bottom and

top side of the tray after thermopressing.
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Fig. 6. Grammage (a) and density (b) of trays as a function of the mesh line
distance. The pressure during thermopressing was 10 MPa.

during the TMP process [28]. The TMP fibres used in this study are from
the reject press and it is estimated that some 1600 kWh/ton was
consumed during refining. On the other hand, NaySO;3 is used to
impregnate the pulp and decrease the softening temperature of lignin
during the CTMP process. The sulfonation improves the separation of
fibres thus obtaining bulky pulp at relatively low energy consumption
[29]. The increase of the sulfonate content from 0 to 0.3% has increased

the tensile index of the pulps from ~43 to ~51 Nm/g, for pulp refined at
1950 kWh/ton [30].

As expected, differences were quantified between the TMP and
CTMP fibres. The TMP fibres were typically more disrupted than the
CTMP fibres, i.e., the TMP contained a larger fraction of split fibres and
fibrillar material compared to the bulkier and more intact CTMP fibres
(Fig. 3). The CSF of the TMP and CTMP were 424 + 5.7 and 580 + 1.4,
respectively. The SEM surface analysis (Fig. 3, upper panel) shows clear
differences between the TMP and CTMP fibres. In addition to being more
disrupted, the TMP fibres appear more fibrillated with notorious fibrils
arising from the fibre surface, while the CTMP fibres seem smoother.
SEM cross-sectional analysis confirmed the larger fraction of disrupted
fibres and apparently fibrillar fines compared to the CTMP. The fre-
quency of thin TMP fibre wall thicknesses (<1 pm) was higher than in
the CTMP. On the other hand, the CTMP had a higher frequency of fibres
with relatively thicker fibre walls, i.e., thickness between roughly 1.5
and 3 pm (Fig. 4). The morphology of the CTMP fibres was also
confirmed by the Fibre Tester analysis. CTMP contained longer and
wider fibres, with a lower fraction of fibrils, compared to the TMP
(Table 2). However, a larger fraction of fines was quantified in the CTMP
(55%) than in the TMP (48%). Although, the fluffing of the pulps didn't
affect the fibre morphology considerably, some minor changes were
detected, i.e., the fluffing reduced the fibre length and fibril fraction and
roughly maintained the width. The quantification also indicated that the
fines content increased for the TMP and was somewhat reduced for the
CTMP (Table 2).

3.2. Forming and characterization of trays with side wall inclination of
30°

Dry forming is usually based on flat fluffy mats that are compressed
into a pre-defined 3D shape. According to Freville et al. [1], the pro-
duction of 3D shapes by dry forming was limited to a depth of 30 mm in
2023. This was probably due to a relatively poor conformation of flat
fibre mats in deep 3D shaped moulds and the high pressures applied
during a short period of time.

The approach introduced in this study demonstrates the advantages
of 3D printing, where meshes for pre-forming trays can be designed to
collect fibres differently, by the walls and by the bottom of the trays.
This could help to compensate for the differences in grammage, density
and mechanical properties of deep trays for food packaging. A relatively
simple tray was used in this part of the study to demonstrate the concept
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Fig. 7. Mechanical properties of trays as a function of the mesh line distance and pressure (a, ¢ and e). The pressure during thermo-pressing was 10 MPa, (a, c and e)
and 30 MPa (b, d and f). The side wall line distance was fixed at 2.0 mm for the samples pressed at 30 MPa.

of differential fibre deposition in a 3D shaped mesh (Fig. 5). The concept
is based on i) depositing fluff fibres directly on a 3D printed mesh, ii) the
fluffy pre-formed tray is transferred to metal plates and iii) the tray is
thermopressed. The TMP and CTMP fibres applied in this study are
mechanical pulp, which contain roughly 27% lignin (Table 1). Consid-
ering the lignin content, the temperature applied during hot-pressing
was chosen to be 200 °C as it was expected that this temperature
would secure a higher densification and mechanical strength of the
mechanical pulps [31]. The onset of thermal degradation of CTMP has
been reported to be 264 °C [32].

The obtained grammage of the trays varied between 500 and 650 g/
m?, being the grammage of the bottom of the trays generally higher than
those of the side walls (Fig. 6a). The difference in grammage between
the bottom and sides of the trays was largest when using the mesh with

smallest line distance (1.5 mm). A similar trend was measured for the
densities of the bottom and side walls of the trays, as a function of mesh
line distance (Fig. 6b). The difference between the bottom and the side
walls was reduced as the line distance of the sides was larger, while
maintaining the same line distance at the bottom (1.0 mm). This
behaviour was expected as widening the line distance in the side walls
(from 1.5 to 2 mm) would increase the pore size of the mesh, reduce the
resistance to air-flow and thus increase the deposition of fibres on the
side walls more rapidly, compared to the bottom. Although, a decrease
of grammage was quantified on the bottom of both trays (TMP and
CTMP), the grammage on the sides of the corresponding trays was
relatively constant (Fig. 6a). Moreover, despite higher grammage on the
sides of the CTMP trays than on the TMP trays, the densities between
both series (TMP and CTMP, side walls) were similar. Additionally, the
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densities on the bottom of the TMP and CTMP trays were consequently
higher than on the side walls, and the densities of the bottom decreased
as the side walls line distance increased (Fig. 6b).

It has been demonstrated that increased nip temperature (up to
200 °C) during hot-pressing in a rotating cylinder press, increased the
density and tensile strength of CTMP and TMP sheets [33]. In this study,
the tensile properties of the trays were affected by the densities at the
corresponding bottom and side walls (Fig. 7). A clear tendency was
quantified, where the tensile strength and modulus of the side walls
increased as the line distance of the forming mesh sides increased from
1.5 to 2 mm (Fig. 7a, c, €). The tensile properties of the bottom areas
decreased accordingly, reducing the differences between the bottom and
side walls. Further, the tensile strength and modulus of the TMP were
higher than the CTMP fibres, irrespective of the area of assessment
(bottom or side walls). This behaviour is partly attributed to the dif-
ferences regarding fibre morphology, i.e. the TMP fibres are more dis-
rupted and with a larger fraction of surface fibrils (Fig. 3 and Table 2)
compared to the CTMP fibres which are more intact and stiffer. Ac-
cording to Pettersson et al. [14], bending stiffness can be reduced by
making the fibres thinner, which is the case with TMP fibres (Fig. 3).
Additionally, it has been demonstrated that split fibres, fibrils, and fines
affected the z-strength and tensile index of laboratory TMP sheets [34].
Hence, the split fibres in TMP are expected to facilitate the densification
of the fibre network during pressing and the larger fraction of external
fibrillation of TMP fibres may contribute to the mechanical interlocking
of neighbouring fibres, thus increasing the strength [35,36].

It has been reported that wet-moulding provides better mechanical
properties than dry forming [11]. The absence of water during ther-
moforming limits the inter-fibre bonding [37], thus reducing the tensile
properties. The tensile strength achieved in this part of the study was
relatively low (2-10 MPa). As an attempt to improve the mechanical
performance of the trays, a new set of samples were manufactured, using
the same temperature but increasing the pressure from 10 MPa to 30
MPa. The results confirmed that the pressure has a considerable effect on

Sustainable Materials and Technologies 48 (2026) e01928

the strength and modulus (Fig. 7b, d, f). This was especially the case on
the side walls that increased from roughly 2 MPa to 8 MPa (strength) and
from roughly 500 MPa to 2000 MPa (modulus). Additionally, the dif-
ferences between the bottom and side walls of this specific tray (side
wall angle = 30°) were reduced considerably (Fig. 7).

Increasing the pressure (from 10 MPa to 30 MPa) led to a compaction
of the fibre network, increasing the density and reducing the porosity of
the thermoformed samples. As stated above, the density has a significant
effect on the mechanical properties. Low density indicates fibre net-
works with high porosity, and consequently low fibre-fibre bondings.
Using kraft fibres, Upadhyay et al. [38] demonstrated that shorter fibres
and increased fines content led to higher density, which according to the
authors improved fibre web consolidation and a reduction in porosity.
Joelsson et al. [33] demonstrated that a large fraction of fines in TMP
contributed to denser TMP sheets compared to CTMP. In the present
study, SEM cross-sectional analysis revealed differences between the
relatively densified bottom structures and fluffy and less dense side walls
(Fig. 8). The measurements from the TMP-Bottom sample showed a
relatively high occurrence of small pores, indicating a denser structure.
Such compacted structure obviously increases the fibre-fibre bonding,
probably facilitated by a larger fraction of fibrils (Fig. 3, Fig. 4 and
Table 2). This seems to confirm the higher tensile strength and modulus
obtained for the TMP-Bottom samples compared to the other series
(Fig. 7). The presence of collapsible fibrils in TMP has been reported to
improve the bonded surface area between fibres and the tensile strength
of handsheets [39], which provides support for the results of the present
study. Additionally, it has been demonstrated that mechanical proper-
ties (yield strength and Young's modulus) increased probably caused by
fibril aggregate interactions in fibre-fibre bondings, promoted by
pressing temperature [40]. According to Asta et al. [41], high-density
sheets of CTMP fibres (1000 kg/m®) were closely packed, which
increased the concentration of fibre-fibre joints and the stiffness and
tensile strength. The high-density sheets had extensive fibre breakage
after tensile testing, i.e., fibre pull-out was reduced as revealed by SEM
inspection of fracture areas [41]. These studies [39-41], have provided
additional evidence that pulp components (e.g. fibre cross-sectional
shape, fibrils, fines) influence the formation of well-connected net-
works that are densified under high-pressure and temperature, resulting
in enhanced mechanical properties.

In this study, SEM analysis also revealed the effect of increased
pressure during thermopressing (Fig. 8), i.e., the higher pressure (30
MPa) led to a further compaction of the fibre network and thus lower
porosity, reduced thickness and higher densities (Supplementary,
Table S1.). Numerical data supported these observations. Quantification
of the pore diameters showed a large occurrence of pores with diameters
less than roughly 1.5 pm for the samples TMP — Bottom and CTMP —
Bottom, compared to the corresponding side wall samples, which had a
larger occurrence of pore diameters larger than 3 pm (Fig. 8, lower
panel). Increasing the pressure from 10 MPa to 30 MPa reduced the
differences between the samples regarding the pore sizes. This indicates
that higher pressure may contribute to overcoming the differences
related to the fibre morphology between the TMP and CTMP, and the
differences between the corresponding tray areas (bottom or side walls).

It is obviously a clear relationship between the densities of the
samples and the mechanical properties (Fig. 9). As reported above, there
is a substantial difference between the densities of the side walls and the
bottom of the trays (pressed with 10 MPa). These differences are
reduced as the densities increase. The corresponding tensile strength
developed from roughly 1-2 MPa to 10 MPa as the densities approaches
1000 kg/m?®. A direct correlation demonstrates that the development of
strength and modulus had a non-linear evolution (Fig. 9). Orgéas et al.
[42] demonstrated that the elastic moduli of low-density fibre networks
(densities between ~300 and 700 kg/mg) increased as a power-law
function of the fibre content. Furthermore, a rapid increase in tensile
strength of Eucalyptus handsheets at relatively high densities (600-900
kg/m>) has been reported previously [43]. Additional testing in this
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Table 3
Characteristics of TMP trays.
TMP Basis Density Tensile Modulus Elongation
tray weight (g/  (kg/m®) strength (MPa) (%)
m?) (MPa)
Side 636.5 721.6 43+0.7 1077 £ 0.8 £0.0
wall 154
Bottom 453.6 817.9 42+19 1110 + 0.8 £0.0
405

study confirmed the non-linear evolution of strength and modulus,
achieving levels of approximately 50 MPa and 5000 MPa, respectively,
as the density approached 1300 kg/m® (Supplementary information
Fig. S1).

3.3. Forming and characterization of deep trays (50 mm) and side wall
inclination of 65°

The approach developed in this study was tested in the fabrication of
more complex tray geometries, with deep and steep side walls (depth =
50 mm, angle = 65°) (Fig. 10). Using a mesh geometry of 1.0 mm
(bottom) and 2.0 mm (side walls) yielded pre-formed trays with
apparent good distribution of fibres. However, preliminary assessment
demonstrated large differences between the side walls and bottom of the
trays regarding density and mechanical properties. This was attributed
to large grammage differences. In order to compensate for different
grammage between the bottom and side walls the formation of this
complex 3D shape was divided into two steps: i) a short period of for-
mation (30 s) using the 3D printed mesh with 2 mm side wall line dis-
tance and 1.0 mm bottom line distance and ii) a more extensive
consolidation step (120 s) with a 3D printed mesh having 2 mm side wall
line distance and solid bottom (without openings). Although, this
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sequence yielded a more homogeneous distribution of fibres in the side
walls and bottom of the TMP trays (Fig. 10c), the grammage of the
CTMP-Side and CTMP-bottom differed. After fluffing the CTMP fibres
were more dispersed and fluffy, compared to the TMP. This caused that
most of the CTMP fibres were deposited during the first step of formation
(30 s). On the other hand, approximately equal amounts of TMP fibres
were deposited on the mesh during the first and second step of forma-
tion, which explain the more homogeneous distribution of fibres be-
tween the side walls and bottom (approx. 500 g/mz).

Note that the testing confirmed the better mechanical properties
achieved with TMP compared to the CTMP fibres (Fig. 10e and f).
However, there were large differences regarding mechanical properties
between the bottom and side walls. As demonstrated above, the tensile
strength and modulus of the trays depend on the achieved density (Fig. 9
and Supplementary information Fig. S1). However, the different den-
sities achieved on the side walls and bottom of the trays are due to the
different local pressures that were applied. The pressure (P) on a local
surface depends on the inclination of the surface. In this case a pressure
of 40 MPa on the bottom of the tray (horizontal surface) would corre-
spond to a local pressure of 16.9 MPa on the side walls that are inclined
65° (Psige = Ppottom™cos(a) [44]). Since the pressure at the side walls is
less than at the bottom, it is expected that more mass would be necessary
in the side walls to obtain the same density as in the bottom, and
potentially achieve similar mechanical properties. Based on the mea-
surement of the side walls and bottom of eight trays (Fig. 10) pressed at
40 MPa (Supplementary information Fig. S2), it was estimated that a
grammage of approximately 850 g/m? would be required to achieve a
density of 1000 kg/m? (in the side walls), and potentially achieve me-
chanical properties similar to those obtained at the bottom of the tray.

As an attempt to increase the mechanical properties of the side walls
and considering TMP as the best performing pulp in this study, new trays
were manufactured. The new strategy was divided into two steps: i) a
fibre deposition step with the bottom of the mesh completely closed
(without pores) and the side walls of the mesh with distances between
lines that increased gradually from O (bottom) to 1.5, 1.8 and 2 mm in
the upper part of the side wall and ii) a second deposition step where
only the side walls were allowed to collect fibres. This approach secured
a grammage of some 450 g/m? on the bottom and about 637 g/m? on the
side walls. After pressing the density was 818 and 722 kg/m>, respec-
tively, providing a similar tensile strength and modulus for the bottom
and side walls. Although, the strength is relatively low, decent stiffness
levels were achieved (~1100 MPa) for the bottom and side walls
(Table 3). This indicates that the mechanical properties of dry-formed
trays can be controlled by differential fibre deposition, to achieve
similar mechanical performance in the bottom and side walls.

4. Conclusion

Meshes with varying distances between the printed lines were
designed and 3D printed for dry forming of trays for food packaging. The
3D meshes were composed of side walls with more open structure
compared to the bottom. The approach was tested with trays made of
TMP and CTMP fibres, that were pressed with different pressures (10, 30
and 40 MPa) depending on the tray design. Trays made of TMP showed
better mechanical properties than CTMP. This was due to the TMP fibre
morphology, i.e. more collapsed and split fibres and beneficial fine
material that favoured the densification of the trays. Denser structures
indicated reduced thickness, porosity and more fibre-fibre bondings
which are expected to promote higher tensile strength. The study
demonstrated that appropriate geometry of 3D printed meshes is bene-
ficial for manufacturing trays with adequate grammage and density at
the side walls and bottom of the trays. Meshes printed with various
geometries (distances between 3D printed lines) in the bottom and side
walls demonstrated potential in directing the fibres to the bottom and
side walls differently in order to control the grammage, thickness,
densities of the various parts of the trays. This approach yielded trays
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with similar mechanical performance in the bottom and side walls.
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