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Natural fibers are increasingly considered as reinforcement of composites because of their recyclability
and low energy consumption for production combined with high specific stiffness and strength. However,
certain disadvantages such as poor fiber-matrix adhesion or variability in mechanical properties of fibers
still have to be addressed in order to use natural fibers as a reliable replacement in structural applications.
Recent progress in delignification of bulk wood, while retaining its structural hierarchy (Song et al. (2018)
Nature; Frey at al. (2018) Applied Materials and Interfaces), represent an alternative top-down approach
to obtain load-bearing cellulose scaffolds. After densification, these scaffolds possess superior mechanical
properties to natural fiber reinforced composites such as flax- or sisal-fiber reinforced polymers and
represent a promising alternative approach for the development of sustainable bio-based materials.

The manufacturing of the novel high-performance wood-based material is conducted in two subsequent
steps, delignification and densification, but the shaping into 3D parts is rather challenging until now.
Formability prerequisites free water in between cells. But in this state, delignified wood can be hardly
densified with standard processing techniques. Water in between fibers creates a counter pressure, which
leads to reduced densification, cracks and distortions in the fiber alignment.

In this manuscript, we demonstrate our novel open-molding process to manufacture cellulose composites
based on wood in a scalable way by vacuum forming in open-molds and compare this method to standard
densification in closed molds. Our new approach allows to combine densification and shaping in a one-
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SUMMARY:

Delignified densified wood represents a new promising lightweight, high-performance and bio-
based material with great potential to partially substitute natural fiber reinforced- or glass fiber
reinforced composites in the future. We here present two versatile fabrication routes and
demonstrate the possibility to create complex composite parts.

ABSTRACT:

Delignified densified wood is a new promising and sustainable material that possesses the
potential to replace synthetic materials, such as glass fiber reinforced composites, due to its
excellent mechanical properties. Delignified wood, however, is rather fragile in a wet state, which
makes handling and shaping challenging. Here we present two fabrication processes, closed-
mold densification and vacuum densification, to produce high-performance cellulose composites
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based on delignified wood, including an assessment of their advantages and limitations. Further,
we suggest strategies for how the composites can be re-used or decomposed at the end-of-life
cycle. Closed-mold densification has the advantage that no elaborate lab equipment is needed.
Simple screw clamps or a press can be used for densification. We recommend this method for
small parts with simple geometries and large radii of curvature. Vacuum densification in an open-
mold process is suitable for larger objects and complex geometries, including small radii of
curvature. Compared to the closed-mold process, the open-mold vacuum approach only needs
the manufacture of a single mold cavity.

INTRODUCTION:

The development of novel natural fiber (NF) based composites equipped with superior
mechanical properties represents one of the main tasks in materials science, as they can be
sustainable alternatives for current synthetic systems such as glass fiber composites’3. Besides
traditional NF composites (flax, hemp, kenaf, etc)*>, the densification of wood after partial or
complete removal of matrix components has received increasing attention in recent years®1:,
The top-down fabrication route, based on delignification of bulk wood followed by densification,
is conceptually contrary to rather complex bottom-up processes for pulp and slurry based
products.'? In pulp and slurry based products, the beneficial wood fiber alignment is not retained
as fibers are separated in the process. In contrast, structure-retaining delignified wood, which is
obtained in a top-down process, transfers the sophisticated architecture with aligned cellulose
fibers into the new material. To achieve densification of delignified wood without fiber alignment
distortions, new processing routes must be developed.

Direct densification of water-saturated delignified wood samples leads to a limited densification
degree, cracks, and fiber alighment distortions due to the wet-sample-inherent free water that
creates a counter pressure during densification. Current solutions to avoid structural integrity
loss upon densification includes utilization of partially delignified wood followed by high-
temperature densification® or pre-drying of delignified wood prior densification®. Both methods
enhance connectivity between neighboring cells, either due to the remaining lignin that acts as
glue or free water removal between cells.

In both cases, reduced formability occurs, which limits design applications; the required sample
pre-conditioning also leads to longer processing times. Therefore, a fast and scalable process that
combines shaping and densification in a single step is necessary.

In this regard, we present here open/closed-mold densification and vacuum processing of
delignified wood as methods to combine shaping, densification, and drying in a simple and
scalable approach. Figure 1 shows delignified densified wood-composite parts, which were
obtained by using the techniques described in this work.

[Place Figure 1 here]

PROTOCOL:
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1. Delignification of wood veneers

NOTE: This delignification protocol is based on our previous works, published by Frey et al. 2018°
and Segmehl et al. 20183,

1.1. Mount a stainless-steel sample holder in a crystallizing dish or in a beaker and place a
magnetic stir bar below the sample holder. Stack wood veneers on top of the holder and separate
them by metal meshes or metal mesh stripes (Figure 2A). Here, we use radial cut spruce veneers
with a thickness of 1.5 mm. Wood species and type (tangential, radial, rotary cut veneer) as well
as the thickness of veneers can be varied.

1.2. Prepare a 1:1 volume mixture of hydrogen peroxide (30 wt%) and glacial acetic acid and pour
the mixture into the crystallizing dish until the veneers are fully covered. Use glass dishes (e.g.
Petri dish) to keep the veneers in the solution. Soak samples in the solution at room temperature
(RT) overnight while stirring at 150 rpm.

1.3. Heat the solution to 80 °C and run the reaction for 6 h for full delignification. Adjust the
delignification time depending on the sample thickness.

1.4. After delignification, pour the delignification solution into an empty beaker and let it cool
down before disposal. Gently rinse the delignified veneers multiple times with deionized water.
Then, continue washing the veneers without stirring by filling the crystallizing dish (beaker) with
deionized water. Replace the water twice a day until a pH value of the washing water of above 5
is reached (Figure 2B).

1.5. Handle wet delignified wood veneers with care, as the cellulose scaffold is rather fragile. Use
a metal mesh as support for transportation and draping (Figure 4).

[Place Figure 2 here]

2. Storage and “cellulose prepreg” production

2.1. Consider processing the wet delignified wood samples within 2—3 weeks. Alternatively,
preserve the material for long-term storage in ethanol (EtOH) or dry the sheets between metal

meshes.

2.2. Store the dry, flat cellulose sheets (“cellulose prepregs”) below 65% relative humidity (RH).
Rewet the sheets in water prior to further shaping and processing.

3. Densification and forming of delignified wood in closed molds
3.1. Use closed molds made out of an open-porous material (e.g. ceramic molds, porous 3D

printed polymer molds) to enable water removal and sufficient drying. Pore sizes should be below
2 mm, especially towards the surface, to obtain a smooth surface of the final composite part.
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3.2. Condition the delignified wood at desired RH. For curvature radii in the cm range or plane
structures, use samples that are conditioned at 95% RH at 20 °C. For smaller curvature radii,
drape the veneer in water-saturated state, pre-dry the draped material in an open mold at 95%
RH, or pre-dry the material in an oven (65 °C) for 5-30 min (the time is depends on the sample
thickness). Curvature considerations are made in relation to veneer thickness (here 1.5 mm).

3.3. Densify the material in the closed mold either by using screw clamps or in a press. Readjust
the pressure if needed to compensate for shrinkage. The drying process can be speed up by
placing the mold into an oven at 65 °C or by increasing the temperature of the press.

NOTE: A relatively low pressure in the range of a few MPa is sufficient to densify wet delignified
wood. The final thickness can be controlled by using spacers with the targeted thickness between
the mold surfaces rather than by controlling the pressure.

3.4. After full drying, demold the composite part and reuse the mold for a new run.
4. Vacuum shaping and densification of delignified wood in open molds

4.1. Use a porous open mold as described in 3.1. Alternatively, use non-porous molds with a
porous layer (e.g. mesh, textile, breather) on top of the mold or on top of the delignified wood
to enable drying (Figure 3A).

4.2. Use a textile layer (e.g. peel-ply) to protect the mold from contamination. Drape a water-
saturated delignified veneer on top of the textile (Figure 3B) and cover it with a second textile
layer and flow mesh.

NOTE: To obtain a smooth surface finish, we recommend using porous closed-mold processing.
For this, replace the flow mesh with the porous top part of the mold. However, if surface
patterning with e.g. a mesh is desired, the open-mold process is a good alternative.

4.3. Place the mold on top of a stainless-steel plate, apply sealing tape and vacuum tubing, and
wrap the mold (open or closed) with a vacuum bag. Use flow mesh to enable water flow to the
vacuum tubing. Optionally, place additional mesh layers below the mold to enhance the drying
process and to avoid local vacuum pressure drops, especially for bigger parts (Figure 3C).

4.4. Apply a vacuum for drying and simultaneous densification of the composite. For accelerated
drying, place the setup into an oven at elevated temperature (e.g. 65 °C).

NOTE: Make sure to use cold traps to avoid water entering the vacuum pump. We here use an
oil pump in a pressure range of 102 bar. However, it is also possible to use a membrane pump

but trade-offs regarding densification degree might need to be taken into account.

4.5, After drying, demold the dry composite and reuse the mold and vacuum setup for a new
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composite part (Figure 3D).

[Place Figure 3 here]

5. Manufacturing of laminated composite parts

5.1. Manufacture thick multi-layer composite parts by lay-up techniques and choose the fiber
orientation angle of the layers (e.g. [0°], [0°/90°], [0°/-45°/90°/+45°]s) as in traditional composite
manufacturing.

NOTE: The number of layers can be chosen depending on the targeted thickness of the final part.
However, the vacuum time strongly depends on the size and thickness of the part and ranges
from 2 h (single layer, 1.5 mm thick) up to 2 days for an 8-ply part.

5.2. Increase bonding between delignified wood layers by applying adhesive between layers
during the draping process. Use a water based adhesive (e.g. starch) which allows combined

drying and curing of the adhesive.

NOTE: We apply 0.04 g/cm? of a 16.5 wt% starch solution between the layers. However, other
water-based glues could be used alternatively.

5.3. Demold the composite part and machine finish by hand or with standard wood tooling
(Figure 6E,F).

6. Re-use and recycling of composite parts
6.1. Place delignified non-glued wood composites in water until the part regains formability.
Then, either reshape the material to obtain a new product (see Frey et al. 20197) or reduce it to

small pieces.

6.2. Reuse the small pieces of delignified wood to create new products inspired by standard pulp
techniques (e.g. pulp molding) and finally let the material biodegrade after end of life.

REPRESENTATIVE RESULTS:

Delignification and handling of wood veneers.

Complete delignification leads to a mass reduction of around 40% and a volume reduction of

around 20% after drying at 65% RH®. Besides lignin, a fraction of hemicelluloses gets removed
too. Removal of these components results in a fragile cellulose material (see Figure 4). Using

metal meshes as supports eases handling and draping.

[Place Figure 4 here]
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Densification and forming of delignified wood in closed molds.

Densification of water-saturated delignified wood (Figure 5A-C) is demanding, as free water in
the scaffold creates a counter pressure upon densification and allows the material to flow during
processing. This causes fiber deviations and cracks in the final material (Figure 5B,C). One
possibility to bypass these limitations is to use moist pre-conditioned (95% RH and 20 °C),
delignified wood. In this condition, delignified wood is still reasonably shapeable and its
densification does not lead to fiber alignment distortions and defects.

Pre-conditioned material, however, is more rigid compared to the water-saturated state, which
makes it difficult to obtain small curvature radii without material damage. For small curvature
radii, wet draping followed by conditioning in an already shaped state prior densification can be
used. However, conditioning is rather time consuming and therefore not recommended for large-
scale applications.

[Place Figure 5 here]
Vacuum shaping and densification of a laminated part in an open mold.

Exemplarily for vacuum shaping, we manufactured a helmet in a self-made gypsum mold using
an open-mold process (Figure 6A,B). As lay-up, we draped 2 layers of hexagon-flakes for surface
texturing followed by 4 layers of delignified wood veneer in a [0°/90°] lay-up (Figure 6C). The
flakes provide an attractive surface design, whereas the unidimensional (UD) layers add strength
and stiffness to the composite. We applied 16.5 wt% starch as adhesive between layers to
prevent delamination4.

Vacuum densification (Figure 6D) leads to full drying of the part within 48 h and densification
down to a thickness of 3 mm (1/3" of the initial thickness). After the vacuum processing, the
composite part is demolded (Figure 6E) and the edges are trimmed with a cutter (Figure 6F).

The maximum layup thickness that could be densified and fully dried with the open-molding
approach was an 8-layer layup (8 x 1.5 mm veneer) with an end thickness of this part of 2.5 mm,
which corresponds to a densification down to approximately one quarter of the initial thickness
of dry delignified wood, taking into account the layer shrinkage upon delignification and drying.
To obtain such high densification degrees, a low vacuum in the range of 1072 bar is needed.

Delignified wood composites that are densified to around one quarter of their initial thickness
typically achieve elastic moduli values around 25 GPa and strength values in the range of 150-
180 MPa, as shown in our previous work (Table 1)’.

[Place Table 1 here]

[Place Figure 6 here]
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Utilizing flow meshes typically results in a mesh-imprint in the sample. This can either be
considered as a process-inherent design strategy or can be prevented by placing an additional
thicker textile layer between delignified wood and flow mesh.

Alternatively, closed molds combined with vacuum processing as described in protocol step 4.2
can be used. Regular patterning can be obtained by placing small pieces of delignified veneers in
a defined order, as shown before for our example with the hexagon patterning on the helmet.

Problems that can arise during vacuum processing include warpages in the composite part, which
are caused by incomplete drying and the occurrence of cracks (Figure 7). Cracks mainly result in
delignified wood that was stored in EtOH prior composite fabrication. Therefore, after EtOH
storage, we recommend to carefully soak delignified wood in water before further processing.
Additionally, careful draping followed by slight densification by hand to remove some free water
reduces the risk of cracking.

[Place Figure 7 here]
Re-use or decomposition of composite parts.

Our cellulose-starch composite is all bio-based and can disintegrate in water. On the one hand,
the hydrophilicity of the material is a disadvantage, as it leads to reduced mechanical
performance when in contact with water. A simple method to protect the composite from liquid
water comprises hydrophobic coatings, as we have shown in Frey et al. 2019’. On the other hand,
a hydrophilic behavior of the material can also be beneficial when it comes to end-of life use and
recycling aspects. The sample can simply be disintegrated in water to smaller pieces and the
fibrous slurry can further be used for the production of new fiber-based products as shown in
Figure 8. Furthermore, the fibrous material is fully biodegradable, as shown in Figure 9.

[Place Figure 8 here]
[Place Figure 9 here]

FIGURE AND TABLE LEGENDS:

Figure 1: Examples of delignified densified wood composite parts. (A) Door panel, (B) side
mirror, (C) door handle of a car, (D) orthosis, (E) cut open helmet, and (F) tachometer cover of a
car.

Figure 2: Delignification setup. (A) Crystallizing dish with metal mesh sample holder and wood
veneers stacked on top of the sample holder. Metal mesh stripes separate the individual veneers
from each other. (B) Delignfied veneers covered by water during the washing process.

Figure 3: Schematic illustration of the open-mold process. (A) Porous mold with smaller pores
towards the surface. (B) Delignified wood draped on top of the porous mold (grey) and optional
textile layer for mold protection (green). (C) Textile, flow mesh and vacuum bag placed on top of
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delignified wood. Pressure is applied through the vacuum bag and leads to densification and
drying of the material. (D) Final composite after demolding.

Figure 4: Handling of delignified wood in wet state. (A) Fragile delignified wood in its wet state.
(B) Handling of the material is eased by using a metal mesh for transportation or (C) for draping
the material to a mold. (D) Delignified wood draped on top of a porous 3D-printed mold.

Figure 5: Closed-mold densification of delignified wood in a wet and moist state. (A)
Densification of the water-saturated cellulose material leads to (B,C) cracks and fiber
misalignment. (D-F) Densification of moist material, conditioned at 95% RH results in a better
preservation of fiber alignment and less defects.

Figure 6: Manufacturing of a helmet by open-mold processing. (A,B) Molding of the original
helmet using a gypsum mold. (C) Draping of two outer layers with hexagon flakes followed by
draping the inner 4-layers in a [0/90] layup. (D) Densification and drying of the part by vacuum.
(E) Demolding of the dry part and (F) finish using a cutter.

Figure 7: Possible problems arising in fabrication of complex geometries. (A) Back view and (B)
side view of the manufactured helmet. (C,D) Small cracks due to shrinkage of the material during
processing.

Figure 8: Re-use of delignified wood fibers. (A—C) Reduction of delignified wood veneers into
small pieces by dispersing the material in water. (D—F) Re-use of the fiber slurry for producing the
lining of a helmet. (D) Reveting of a silicon mold with fiber slurry. (E) Final lining of the helmet.
(F) Lining made out of disintegrated delignified wood inside of the hard shell of the helmet.

Figure 9: Degradation of delignified wood fibers. (A) Petri dish filled with soil. (B) Placing the
fiber slurry on top of the soil and (C) filling it with water. (D) Bio-degradation after one day, (E)
after eight days, and (F) after 26 days.

Table 1: Literature values for tensile elastic modulus and tensile strength of densified
delignified wood. The vacuum processing results in a densification down to 1/4th of the initial
thickness, which corresponds to an FVC of 66%.

DISCUSSION:

We present versatile fabrication techniques to obtain high-performance delignified wood—based
composites and suggest possible re-use and recycling strategies. Closed-mold processing
prerequisites pre-conditioning of the material, as it cannot be processed in water-saturated
state. Utilizing a closed-mold process, however, could be the method of choice especially if e.g.
there is no vacuum setup available or if a nice (smooth) surface finish on both sides is desired.

Open-mold vacuum processing of delignified wood allows for combining shaping, densification,
and drying of water-saturated samples in a simple and scalable approach. The technique is
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applicable for the production of complex geometries and offers a scalable alternative for closed-
mold processes. We have manufactured composites by stacking delignified wood veneers using
starch as adhesive between layers. Densification down to one quarter of the initial thickness
resulted in a final thickness of 2.5 mm of the 8-layer thick composite part. For obtaining a
smoother surface finish in the vacuum process, the use of a closed porous mold could be an
appropriate alternative.

For both processing methods, we recommend the use of an adhesive system in between
delignified wood layers in order to decrease the risk of delamination. For the given example, we
choose starch, as it is a well-known bio-based glue for pulp and paper products, such as paper
bags, and is water based. Future works will focus on the fabrication of thicker laminates to resolve
current limitations in terms of drying and fiber flow deviations.

In general, vacuum processing of delignified wood has the potential for a easy and fast production
of large-scale densified cellulose fiber composites. After addressing the material’s durability issue
by applying proper coatings, water-stable adhesive systems or chemical modification, possible
industrial applications may include automotive components such as door panels, floors, and
dashboards. Our material could replace metals or fiber reinforced composites in order to reduce
weight for better fuel efficiency and to improve recyclability.
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FvC 20% 33% 50% 66% 85%
Density (g/cm’) 0.3 0.5 0.72 1 1.3
Tensile elastic modulus (GPa)’ 5 10 15 25 35
Tensile strength (MPa)’ 60 90 120 180 250
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Table of Materials

Name of Material/Equipment
Acetic acid
Breather
Flow mesh/bleeder
Gypsum
Hydrogen peroxide, 30%
Oven
Press
Seal tape
Stainless steel mesh
Starch
Textile, peel ply
Vacuum bag
Vacuum bag, elastic
Vacuum pump
Vacuum tubing
Wood veneers

Company
VWR Chemicals
Suter Kunststoffe AG
Suter Kunststoffe AG
Suter Kunststoffe AG
VWR Chemicals
Binder GmbH
Imex Technik AG
Suter Kunststoffe AG
Drawag AG
Agrana Beteilungs AG
Suter Kunststoffe AG
Suter Kunststoffe AG
Suter Kunststoffe AG
Vacuumbrand
Suter Kunststoffe AG
Bollinger AG
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Catalog Number
20104.312
923.015
180.007
115.3002
23622.298

31344

222.001
215.15

390.1761 elastic vacuum bag for complex shapes

77008.001
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Author(s): o, —
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tem 1: The Author elects to have the Materials be made available (as described at

http:%vw.jove.com/publish) via:

Standard Access

ltem 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LlCEI\iSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such asa periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc“

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“\fideo” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

612542.6 For questions, please contact us atsu

of the Article, and in which the Author may or may not
appear.

y. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JOVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

bmissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author's personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JOVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license {a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be axercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rightsin other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License. :
7. Government Employees. If the Authorisa United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.5.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted- under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’'s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto asan Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JOVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6  For guestions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of

_invoice. Should the Materials not be published due to an

editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVF’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name:
Harien ey
Department: D-RAUG
Institution: ETWH 2ach
Title: MSc Makdials Scenca
Signature: /%/)% Date: | 22.5.204 9

Please submit a signedﬁiated copy of this license by one of the following three methods:
1. Upload an electronic version on the JOVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Dear Dr. Steindel

We would like to thank the reviewers for their feedback on our manuscript JoVE60327 “Fabrication
and design of wood based high-performance composites”. Please find below our replies to the
reviewers’ comments. Changes in the text of the manuscript are highlighted.

Best regards,

Tobias Keplinger & Marion Frey
On behalf of all authors

Response to Reviewer:

Editorial comments:

General:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

2. Please define all abbreviations before use, e.g., RH.

3. JOVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an instrument or
reagent. Please limit the use of commercial language from your manuscript and use generic
terms instead. All commercial products should be sufficiently referenced in the Table of
Materials and Reagents.

For example: VWR Chemicals

Protocol:

1. For each protocol step, please ensure you answer the “how” question, i.e., how is the step
performed? Alternatively, add references to published material specifying how to perform the
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per
step, please split into separate steps or substeps.

Specific Protocol steps:

1. 1.4: Figure 2c does not exist.

changed accordingly

Figures:

1. Please cite Figure 1 within the manuscript text.

changed accordingly

2. Please include a title and a description of each figure and/or table. All figures and/or tables
showing data must include measurement definitions, scale bars, and error bars (if applicable).
Please include all the Figure Legends together at the end of the Representative Results in the
manuscript text.

References:
1. Please ensure references have a consistent format.

Table of Materials:
1. Please ensure the Table of Materials has information on all materials and equipment used,
especially those mentioned in the Protocol.

I+
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Reviewers' comments:

Reviewer #1:

Major Concerns:

What species of wood was used? Hardwood, softwood? Tropical? Important as some woods
have a high content of inorganics and extractives.

The used wood species is mentioned in line 100-101: “Here we use radial cut spruce veneers
with a thickness of 1.5 mm”

The authors state, "Processing methods for pulp and slurry based products cannot be used for
fabrication of delignified densified wood composites, as they do not preserve the beneficial
wood fiber alignment that is crucial to obtain materials with excellent mechanical properties.”
What does this mean? If whole wood fibers are densified, fiber alignment is lost. If delignified
wood fibers are densified, fiber alignment is lost. This statement makes no scientific sense.

The retained fiber alignment in the densified cellulose composites is key for the excellent
mechanical properties. This alignment is in contrast to conventional pulp and slurry based
products. In our process we do not utilize separated wood fibers — we densify structurally
intact cellulose scaffolds. Therefore the fiber alignment can be kept.

We adapted this paragraph to provide more clarity.

"Direct densification of wet delignified wood samples leads to limited densification degree,
cracks and fibre alignment distortions due to the wet sample inherent free water that creates a
counter pressure during densification.” What does this mean? This statement makes no
scientific sense.

Delignification of wood results in the removal of lignin between wood fibers and in the cell
wall. After delignification and in wet state, delignified wood fibers are therefore not in contact
with neighboring fibers anymore, as “free water” fills the empty space between fibers. This
free water is beneficial because it enables deformation of the cellulose scaffold in water-
saturated state, but when it comes to densification, the free water creates a counter pressure
and fibers start sliding past along each other which results in fiber flow deviations.

The authors need to read research done in Japan on wood densification as well as many other
references not listed. In this regard, the literature is poorly reviewed and missing a lot of
research done in wood densification over the years. The earliest reference in the manuscript is
1998 and densification of wood has been done for over 80 years.

We are aware of the numerous works dealing with wood densification. However, this
publication focuses on the densification and processing of cellulose scaffolds.

To account for the reviewers suggestions, however, we have added further relevant literature
to the manuscript.

Delignification of wood veneers: The authors claim that they have remove "all" of the lignin
but they did not present any analytical evidence that is was accomplished. They go on to state,
"Complete delignification leads to a mass reduction of around 40 % and a volume reduction
of around 20 % after drying at 65% RH.6. Besides lignin, part of hemicelluloses get removed



t0o." What was the lignin, hemicellulose and cellulose content before and after the
delignification process?

In the protocol section, we cite Frey et al 2018 and Segmehl et al 2018 — in this publications,
the respective data can be found.

Storage and “cellulose prepreg" production: What about the hemicellulose content. Mold and
other microorganism attack would be a big issue or the fragile veneers would have to be used
immediately.

Based on our experience it is possible to store delignified wood samples in wet state for up to
three weeks. For long-term storage, immersion in ethanol is recommended. These points are
mentioned in the manuscript in lines 128-129.

"Densification of wet delignified wood (Figure 5A-C) is demanding, as free water in the
scaffold creates a counter pressure upon densification and allows the material to flow during
processing. This causes fiber deviations and cracks in the final material (Figure 5B,C)." But,
this seems to be the main reason to do this process and now the authors are saying, it has
problems?

"One possibility to bypass these limitations is to use pre-conditioned (95 % RH and 20 °C),
delignified wood. In this condition, delignified wood is still reasonably shapeable and its
densification does not lead to fiber alignment distortions and defects. Pre-conditioned
material, however, is more rigid compared to the wet state, which makes it difficult to obtain
small curvature radii without material damage. For small curvature radii, wet draping
followed by conditioning in an already shaped state prior densification can be used. But,
conditioning is rather time consuming and therefore not recommended for large scale
applications." Now | am not sure which process is recommended for what applications? Very
confusing!

We realize that the used terminology may have led to this confusion. We have two wet states
of the samples (water-saturated and pre-conditioned at 95% RH at 20 °C), which we make
more clear in the revised manuscript. The two different main processes relate to these wet
states.

1) densification in closed molds by simple pressing: when using a closed mold process the
delignified samples must be pe-conditioned at 95 % RH and 20 °C to retain the sample
integrity. A pre-conditioning of the delignified wood however results in a more rigid material
compared to the water-saturated, which makes it difficult to obtain small curvature radii
without material damage.

2) vacuum shaping: in this setup water-saturated samples can be used, which makes it
possible to obtain very small radii of curvature. Wet processing is possible by the vacuum
approach because drying and densification is conducted simultaneously.

The big issue with this process is the moisture sensitivity of the product. The authors did not
look at moisture sorption at any relative humidity, liquid water sorption or swelling of the
product. This composite could only be used where there was no moisture present in the
application.

Yes, this is true. Therefore we address this issue in lines 296-303: “On the one hand, the
hydrophilicity of the material is a disadvantage, as it leads to reduced mechanical



performance when in contact with water. A simple method to protect the composite from
liquid water comprises hydrophobic coatings as we have shown in Frey et al. 20197. On the
other hand, a hydrophilic behavior of the material can also be beneficial when it comes to
end-of life use and recycling aspects.”

We’ve added a sentence in the conclusion, which emphasizes, that proper
coatings/modifications need to be applied before using the composite under moist conditions.

"Densification down to 1/4th of the initial thickness resulted in a final thickness of 2.5 mm of
the 8-layer thick composite part." No properties of this composite are given....MOE, MOR,
indentation, tensile, stiffness, elongation, etc.

We have now included Table 1 for an overview on density, tensile elastic modulus and tensile
strength for varying FVCs. The results are based on our previous work on densification of
delignified wood veneers by densification in a press. A FVC of approximately 66% is
obtained in the vacuum processing and therefore marked in the table in blue.

"For both processing methods, we recommend the use of an adhesive system in between
delignified wood layers in order to decrease the risk of delamination." What type of adhesive?
This is critical for recycling and environmental issues. Adhesives are expensive.

"For the given example, we choose starch, as it is a well-known bio-based glue for pulp and
paper products such as paper bags and is water based." The addition of starch makes this
composite even more moisture and mold sensitive.

We agree, that starch as hydrophilic adhesive does not protect the composite from moisture
ingression. Coatings or hydrophilization are therefore needed as mentioned above. However,
starch is very appealing as it is a bio-based glue well-known in pulp and paper products.

"In general, vacuum processing of delignified wood has the potential for an eased and fast
production of large-scale densified cellulose fiber composites. Possible industrial applications
include automotive components such as door panels, floor, and dashboards.”" Moisture
sorption would result in a loss of properties i.e. strength, stiffness, hardness, mold, etc.

We have now included the importance to apply a proper coating/modification in the
conclusion.

"Our material could replace metals or fiber reinforced composites in order to reduce weight
for better fuel efficiency and to improve recyclability.” It is easy to make this type of
statement without any data to support it. This process works on a small laboratory scale but it
is difficult to see how this would be used in an industrial process.

Table 1 reveals the low density (1 g/cm?®) of our densified delignified wood and corresponding
mechanical properties. A specific elastic modulus of 25 10°m?s is comparable to steel (25
10°m?s2) or glass fiber reinforced polymers (18 10°m?s2) and therefore clearly justifies our
statement. In addition, our vacuum processing is inspired by open-mold technologies already
widely used in the fiber reinforced composites production on an industrial scale.

Reviewer #2:
Manuscript Summary:
It is an interesting work by using the vacuum processing for the delignified wood to make



artwork. The writing skills and logic is very good.

Minor Concerns:
1. The title of "Fabrication and design of wood based recyclable high-performance
composites" is too big, please simplified it by specifical technology used in the paper

We removed “recyclable” from the title to shorten it.

2. Please add some mechanical properties of wood composite by Table or curves, such as
density, MOE,MOR,shearing strength, et al.

We have now included Table 1 for an overview on density, tensile elastic modulus and tensile
strength for varying FVCs. The results are based on our previous work on densification of
delignified wood veneers simple densification in a press. A FVC of approximately 66% is
obtained in the vacuum processing and therefore marked in the table in blue.

Reviewer #3:

Manuscript Summary:

The manuscript presented two fabrication processes, closed mold densification and vacuum
densification, to produce high-performance cellulose composites based on delignified wood.
Meanwhile, the authors suggested strategies how the composites can be re-used or
decomposed at the end-of-life cycle. It is an interesting research for scientific community.
However, the manuscript should make minor revision before acceptance.

Minor Concerns:
1. Line 148-151. "Densify the material in the closed mold either by using screw clamps ..." |
recommended authors provide the parameter of pressure.

A rather low pressure in the range of a few MPa is already sufficient to densify the wet
material. Therefore we control the final thickness of the composite part by placing spacers
between the mold surfaces. We’ve included this in a note in 3.3.

2. Line 176-177. "Apply vacuum for drying and simultaneous densification of the
composite..." The authors should provide the time of vacuum.

The time strongly depends on the thickness and size of the sample. We added a note in 5.1. to
discuss the influence of thickness on drying/densification time.

3. In section Protocol 5. Manufacturing of laminated composite parts. | recommended authors
provide the number of layers and the amount of adhesive.

We’ve now included the amount of adhesive in a note 5.2. We are on purpose not defining a
specific number of layers because this can be adjusted depending on the targeted thickness of
the composite part.

4. Regarding delignification process of cellulose composites based on delignified wood please
refer to 10.1021/acsnano.8b06409.

The mentioned reference of the reviewer reports the fabrication of a composite based on the
densification of lignocellulosic pulp and brushite. As this report is conceptionally very
different to our approach, we think it does not fit here.



Reviewer #4:

Manuscript Summary:

This manuscript describes a method for using partially delignified wood veneers as oriented,
bio-based, semi-finished materials (e.g., reinforcement/preforms) using techniques common
to fiber reinforced thermoset fabrication but little used in this context. The authors
appropriately state that, while such techniques run counter to the currently popular bottom-up
fabrication techniques, they efficiently use the inherent favorable structural attributes of
natural materials (e.g., high degree of orientation). Given the movement towards bio-based
materials, the protocol is a noteworthy contribution. The manuscript is generally well written.
However, there is still some editing remaining, which I have refrained from doing as it lies
outside of this portion of the review process.

Major Concerns:
None

Minor Concerns:
Several issues that should be remedied are listed below.
*Line 117 refers to Figure 2C, which does not exist.

Changed accordingly.

*Line 128: The first time that the abbreviation for ethanol (EtOH) is used, it needs to be
defined. Similarly "UD" in line 243.

Done

*Do the authors wish to discuss Figures 6e,f - presumably about demolding and trimming?
Nothing is mentioned in the text on them.

This is true, thank you for this comment. We now added a description of Figures 6e,f in the
text.

*Lines 309-313: The possible applications listed (e.g., door panels, floors, dashboards,
metal/fiber reinforced composite replacements) cannot be justified without additional
information - presumably further processing with other materials (e.g., thermosets), which is
not mentioned. As fabricated, these materials are not strong enough or durable enough, for
example, to be used in these applications. | don't believe that the authors intend that they are
but, as written, it appears to suggest that this is the case. The authors should at least suggest
generally what further steps might be necessary to use materials made from their protocols in
the applications mentioned.

We now added the need for addressing durability with proper coatings, gluing systems or
chemical modification before use in the mentioned applications.

*Reference 6 should be updated.

Thank you for spotting this error. We have changed it accordingly.



