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Abstract In this work, statistical design of experi-
ments (DoE) was applied to the optimization of all 
cellulose composites (ACCs) using cotton textile and 
interleaf films under applied heat and pressure. The 
effects of dissolution temperature, pressure and time 
on ACC mechanical properties were explored through 
a full factorial design  (23) and later optimized using 
Response Surface Methodology. It was found that 
the experimental design was effective at revealing 
the underlying relationship between Young’s modu-
lus and processing conditions, identifying optimum 
temperature and time settings of 101 °C and 96.8 min 
respectively, to yield a predicted Young’s modulus 
of 3.3 GPa. This was subsequently validated through 
the preparation of in-lab test samples which were 
found to exhibit a very similar Young’s modulus of 
3.4 ± 0.2  GPa, confirming the adequacy of the pre-
dictive model. Additionally, the optimized samples 
had an average tensile strength and peel strength of 
72 ± 2 MPa and 811 ± 160 N/m respectively, as well 

as a favorable density resulting from excellent con-
solidation within the material microstructure. This 
work highlights the potential of DoE for future ACC 
process understanding and optimization, helping to 
bring ACCs to the marketplace as feasible material 
alternatives.

Keywords All cellulose composite · Cellulose 
textile · Design of experiment · Partial dissolution · 
Ionic liquid

Introduction

There has been a surge of interest in recent years in 
the field of all-cellulose composites (ACCs) and 
their potential to replace those made from petroleum-
derived materials (Baghaei and Skrifvars 2020; Chen 
et  al. 2020; Halley 2020; Rosenboom et  al. 2022; 
Uusi-Tarkka et  al. 2021; Wang et  al. 2021). Unlike 
traditional composites that comprise different mate-
rial components, both matrix and reinforcing compo-
nents of ACCs are made entirely of cellulosic mate-
rial (Baghaei and Skrifvars 2020; Gindl-Altmutter 
et al. 2012; Huber et al. 2012b; Nishino and Arimoto 
2007), negating the need for prior separation when 
considering end-of-life processing (Baghaei and 
Skrifvars 2020; Mat Salleh et  al. 2017; Uusi-Tarkka 
et  al. 2021). Furthermore, cellulose is a biopolymer 
found abundantly in nature, and the use of renewable 
or waste biomass is of particular importance in light 
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of growing concerns regarding climate change and 
resource scarcity (Uusi-Tarkka et  al. 2021). In addi-
tion to possessing excellent mechanical properties 
(Nishino et  al. 2004) and thermal stability (Baghaei 
and Skrifvars 2020), cellulose is renewable and bio-
degradable (Baghaei and Skrifvars 2020; Chen et al. 
2020; Zhao et al. 2008), making it a favorable choice 
of polymer in the development of sustainable mate-
rials. The recycling potential and use of bio-based 
composites place ACC research at the forefront of 
technological development and a promising option 
for materials innovation.

As cellulose does not melt (Adu et  al. 2021; 
Bazbouz et  al. 2019; Chen et  al. 2020; Misra et  al. 
2011; Nishino et  al. 2004), alternative processing is 
required in the form of dissolution using an appro-
priate solvent. There are two common methods used 
to prepare ACCs based on this process. The original 
concept was presented by Nishino et al. (2004), who 
described a two-step impregnation method where 
cellulosic fibres were placed into a solution of fully 
dissolved cellulosic material. A one-step process was 
later developed by Gindl and Keckes (2005) based 
on partial dissolution, whereby a single source of 
cellulose selectively dissolves in the solvent, allow-
ing an undissolved inner core to remain as the rein-
forcement. The reinforcement is then surrounded by 
a matrix produced from the dissolved portion. Since 
the publication of these seminal works, there has been 
a steady flow of research in the field of ACCs, from 
applications in the development of films (Duchemin 
et al. 2009; Huber et al. 2012b; Nishino and Arimoto 
2007; Nishino et  al. 2004), to the use of cellulosic 
textiles to create thicker structures (Baghaei et  al. 
2020; Baranov et  al. 2021; Haverhals et  al. 2011; 
Huber et  al. 2012a, 2012b; Mat Salleh et  al. 2017; 
Victoria et al. 2022).

In our previously published work (Victoria et  al. 
2022), ACCs were produced using cotton textile in 
combination with interleaved cellulosic films to pro-
duce ACCs with enhanced interlaminar adhesion 
and an excellent balance of mechanical properties. 
It was found that at relatively high temperatures and 
short processing times, ACCs could be produced via 
dissolution in a combination of ionic liquid 1-ethyl-
3-methylimidazoliam acetate ([C2MIM][OAc]), and 
dimethyl sulfoxide (DMSO), possessing optimal 
consolidation when using a 3:1 solvent to cellulose 
weight (S/C) ratio. Ionic liquids (ILs) are a good 

choice of solvent owing to their thermal stability, low 
melting points and significantly low vapor pressure 
(Chen et  al. 2020; Hauru et  al. 2012; Odalanowska 
et  al. 2021; Pinkert and Kenneth 2008). In addition 
to being considered a more environmentally-friendly 
route to cellulose dissolution (Ghandi 2014; Swat-
loski 2002), ILs can dissolve cellulose without prior 
derivation (Sescousse et  al. 2010; Spörl et  al. 2018; 
Uusi-Tarkka et  al. 2021) or pre-treatment (Hawkins 
et  al. 2021), increasing process efficiency. A high 
temperature of 100  °C promotes rapid dissolution, 
allowing sufficient matrix to be produced in 10 min. 
It was found that significant improvements in peel 
strength, a measure of interlaminar strength, could 
be achieved by using interleaved films, and Young’s 
modulus could be increased by up to twofold (Victo-
ria et al. 2022).

In the drive to develop commercial feasibility for 
ACCs, functionality and process optimization are 
key factors to consider. It is of interest to explore the 
effects of these factors to further understand their 
contribution to ACC properties, and potentially iden-
tify a new optimum set of conditions that can yield 
properties beyond those currently obtained. It is well 
known that process conditions play an important role 
in the resulting properties of composite materials 
(Kandar and Akil 2016; Ku et  al. 2011; Kumar and 
Balachandar 2014). From a sustainable manufactur-
ing point of view, finding a balance between prod-
uct functionality and process feasibility is extremely 
important to ensure the best quality product can be 
achieved whilst minimising costs and processing 
times (Harmsen 2014).

Statistical design of experiments (DoE) is an 
approach used for process optimisation that allows 
multiple influential factors to be analysed simultane-
ously, whilst keeping the total number of experimen-
tal runs to a minimum (Lee et al. 2022; Mohammed 
et  al. 2020; Montgomery 2017; Vanaja and Shobha 
Rani 2008; Weissman and Anderson 2014). A great 
deal of insight can be gained from a carefully struc-
tured set of factor combinations, allowing conclu-
sions to be drawn about their influence on a specific 
output parameter (Lee et al. 2022). DoE offers a more 
desirable route to process understanding than tradi-
tional trial and error or one-factor-at-a-time (OFAT) 
methods. Here, all factors are fixed except for the one 
being varied. Once optimized, this factor is fixed for 
subsequent experiments where another factor is then 
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varied, and the process continues until all factors have 
been optimized (Lee et  al. 2022; Owen et  al. 2001; 
Weissman and Anderson 2014). In the absence of a 
pre-planned set of experiments, the ability to truly 
optimise a process using this approach is inhibited by 
researcher bias and initial decisions driving the start-
ing point of factors to fix, and those to vary (Weiss-
man and Anderson 2014).

DoE has been used widely across the pharmaceu-
tical industry to optimise product formulations and 
improve product quality (Fukuda et  al. 2018; Gujral 
et  al. 2018; Vanaja and Shobha Rani 2008; Vanaret 
et al. 2021). The versatility of DoE, however, allows 
its applications to extend into a wide range of indus-
tries such as food production (Favre and Chaves Neto 
2021), steel processing (Gunaraj and Murugan 1999; 
Noordin et al. 2004), biomass extraction (Liao et al. 
2007; Mohammed et  al. 2020) and biofuel produc-
tion (Vicente et  al. 1998). In the materials industry, 
the use of DoE has been discussed as a route to opti-
mise composite performance in various manufactur-
ing processes such as resin transfer moulding (RTM) 
(Garnier et al. 2010) and heat press forming (Kandar 
and Akil 2016; Tholibon et  al. 2017). Composites 
with traditional reinforcements such as carbon fibre 
(Garnier et al. 2010) and glass fibre (Kumar and Bal-
achandar 2014) have been of interest, as well as natu-
ral fibre reinforced composites (NFRCs) reinforced 
with flax (Kandar and Akil 2016), coir (Romli et al. 
2012), and kenaf (Azmi et  al. 2017; Tholibon et  al. 
2017). Hot compaction is used widely in composites 
production (Todor et  al. 2021) where temperature, 
pressure, and time are influential factors in the result-
ing mechanical properties  (Kandar and Akil 2016; 
Kumar and Balachandar 2014). It has, therefore, been 
the subject of several experimental design studies 
with respect to the production of composites compris-
ing wood/rubber (Jun et  al. 2008), glass/PP (Kumar 
and Balachandar 2014), flax/PLA (Kandar and Akil 
2016), and kenaf/PP (Tholibon et al. 2017).

Despite the growing interest in applying DoE to 
the manufacture of composite materials, its applica-
tion in the field of ACCs is in its infancy, with only 
two reported studies (Kidwai et al. 2020; Mat Salleh 
et  al. 2017) that we are aware of. This study builds 
on these important works by assessing the robustness 
of experimental design methods through validation 
of identified optimum conditions which, to the best 
of our knowledge, has not been previously reported. 

By exploring DoE in the context of our previously 
reported ACC preparation method, we gain insights 
into its usefulness as an efficient route to improved 
process understanding for all methods of ACC pro-
duction, and as a tool to identify a region of desir-
able process conditions that may otherwise not be 
found using traditional methods. This supports the 
research community in being aware of the tools avail-
able to help advance cellulosic science into product 
realization.

Initially a full factorial design is used to explore 
the influence of processing time, temperature, and 
pressure to identify any potential synergistic effects 
that exist between them and investigate how they 
might influence ACC mechanical properties. Full 
factorial designs are commonly used as a screening 
stage (Montgomery 2017), and have been applied to 
the exploration of different materials in the compos-
ites industry to explore responses such as mechani-
cal properties (Tholibon et  al. 2017), impact behav-
iour (Filho et  al. 2022), and machinability (Azmi 
et al. 2017). A full factorial design typically includes 
experimental runs carried out at all the highest-level 
settings, all the lowest level settings, as well as com-
binations of both, allowing all possible combinations 
of factors and levels to be tested (Lee 2019; Mont-
gomery 2017; Owen et al. 2001). This helps to assess 
the feasibility of the extreme conditions of a process 
and confirm that the design space within which they 
lie is acceptable.

In the second phase of this work, application of a 
central composite design was employed. Central com-
posite designs are a form of response surface method-
ology (RSM), an approach that allows the estimation 
of second order (quadratic) effects through the inclu-
sion of additional design points within the experimen-
tal domain (Box and Wilson 1951; Lee 2019; Zhou 
and Xu 2017). These designs are useful if curvature is 
suspected within a system, that a full factorial design 
cannot accurately estimate with corner points alone. 
With the ability to estimate curvature, response sur-
face models have some predictive power, making 
them ideal for optimisation (Errore et al. 2017; Kid-
wai et al. 2020; Lee 2019). There are different ways 
to approach central composite designs depending on 
the system under investigation. An inscribed central 
composite design (CCI) was employed in this work 
that would allow additional design points to be speci-
fied within the original experimental domain rather 
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than beyond it to avoid any loss in ACC quality from 
unsuitable process conditions.

The aims of this study are therefore twofold. First, 
to perform an assessment of a DoE methodology to 
a system where some knowledge has already been 
gained on suitable ranges for the key design parame-
ters. Secondly, to explore whether DoE can help iden-
tify a new set of optimized processing variables not 
previously found, thus highlighting the potential for 
DoE to advance the research beyond development and 
into commercial feasibility.

Materials and methods

Materials

Bleached 100% cotton with a plain weave was used as 
the cellulosic textile in this study. The textile had an 
areal density of 135 g/m2 and a thread count of 120 in 
both directions, and was purchased from Minerva fab-
rics, UK. Natureflex 23NP cellulose film with a thick-
ness of 23 µm was used as the interleaf cellulosic film 
layer and supplied by the Futamura Group. Although 
the films are supplied containing small additives, they 
do not appear to affect the dissolution process, and 
therefore, they were not removed prior to use (Vic-
toria et  al. 2022). Ionic liquid [C2MIM][OAc] with 

a purity of ≥ 95% was purchased from ProIonic and 
co-solvent dimethyl sulfoxide (DMSO), with a purity 
of ≥ 99.9%, was purchased from Fisher Scientific.

Composite processing

ACCs were made using two layers of cotton tex-
tile and a single layer of Natureflex film placed in-
between, and a schematic of the manufacturing stages 
is provided in Fig. 1.

The cotton textile layers were stacked with respect 
to the warp yarns at 0°, giving a stacking sequence of 
(0,0) as shown in Fig.  2. The layers were immersed 
in a solution of [C2MIM][OAc] and DMSO, and the 
stack was placed in a laboratory heat press and heated 
under pressure. The dry mass of cellulose being pro-
cessed was determined by weighing the textile layers 
and an S/C weight ratio of 3:1 was used. The solvent 
solution itself comprised 80% by weight [C2MIM]
[OAc] and 20% DMSO.

The amount of solvent to use on the stack was 
determined previously (Victoria et  al. 2022), where 
it was found that a 3:1 S/C weight ratio provided 
enough solvent to allow sufficient matrix production, 
and compensate for flashing, where excess cellulose 
is pushed out under applied pressure. Additionally, 
adding 20% DMSO significantly lowers the viscosity 
of [C2MIM][OAc], allowing for ease of application 

Fig. 1  Schematic showing 
the stages involved in the 
preparation and manufac-
ture of the ACCs
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to the textile stack. After dissolution, the samples 
were left for 1200 min (20 h) in a coagulation bath of 
distilled water at room temperature, to allow the sol-
vent to be removed. After solvent removal, the stack 
was placed in the heat press once more to be dried. 
For this study, processing factors of temperature, 
pressure and time during compaction were of primary 
interest and varied as part of the experimental design. 
The drying stage was fixed at a temperature, pressure, 
and time of 125 °C, 2 MPa and 60 min respectively, 
in accordance with previous work (Victoria et  al. 
2022) and initial development of the process (Hine 
and Ries 2020).

Mechanical testing

Mechanical properties of tensile strength, Young’s 
modulus and failure strain were evaluated using an 
Instron 5584 universal tensile tester according to 
ASTM D1846. Specimens were cut to a width of 
5 mm with a gauge length of 30 mm and tested using 
a crosshead speed of 10 mm/min. For the optimized 
samples, T peel strength (ASTM D1876) was tested, 
using specimens of width and length of 10 mm and 
80 mm respectively, and tested at a speed of 80 mm/

min. All specimens were tested in the longitudinal 
direction, parallel to the direction of the warp yarns.

Materials characterisation

Density calculations

Densities of the optimised ACCs were determined 
using a gravimetric method, by cutting sample speci-
mens and measuring the dimensions using an RS 
PRO digital caliper to obtain specimen volume. Three 
specimens were cut for each ACC and weighed to 
allow for calculation of density. A proposed value of 
1.5  g/cm3 for the density of the cellulosic materials 
within the ACC was used for comparison, based on 
previous literature guidance. The absolute density 
of plant fibres is stated to be between 1.4 and 1.5 g/
cm3 (Mwaikambo and Ansell 2001). The density of 
cellulose II and bulk amorphous cellulose is esti-
mated as 1.5 g/cm3 and 1.48–1.5 g/cm3 (Bawn 1985) 
respectively.

Optical microscopy

An Olympus BH2 microscope in reflection mode was 
used to observe the cross-sections of the prepared 
ACCs, and measurements of composite thickness 
were taken from these images using ImageJ. To allow 
a clear image to be obtained, samples were embedded 
in epoxy resin and polished. To ensure a consistent 
and representative view of each sample was obtained, 
multiple images were collected and used for meas-
urements. An average value for thickness and corre-
sponding standard error was calculated for each ACC 
sample from six measurements.

Experimental design

Full factorial design

To screen the factors of temperature, pressure, and 
time and explore the potential effects of these fac-
tors on the mechanical properties of ACCs, a  23 full 
factorial design was employed. Here, three factors 
are under investigation, each having 2 levels repre-
senting minimum and maximum settings. A prelimi-
nary scoping exercise was performed to ascertain 
the experimental domain within which to conduct 
experiments, as well as being based on our previously 

Fig. 2  Textile stacking arrangement of 0,0 used in the prepa-
ration of ACCs, where the warp yarns of both layers are 
aligned in the same direction
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reported study. Upper and lower limits were deter-
mined from operational constraints, whilst also being 
aware of the importance of maintaining ACC quality. 
The outcomes of the scoping stage are outlined as 
follows.

For compaction temperature, a lower limit of 30 °C 
was chosen to allow accurate maintenance in the lab-
oratory environment, and an upper limit of 150 °C, to 
remain within a stable temperature range and avoid 
evaporation of DMSO (O’Neil 2013). For pressure, 
a lower limit of 1 MPa was chosen to allow efficient 
compaction of the layers and reduce shape distortion, 
and an upper limit of 3.6 MPa that could be held con-
sistently throughout the duration of the process. To 
determine time, several preliminary samples were 
made at the upper limits for temperature and pressure 
of 150 °C and 3.6 MPa respectively. It was found that 
ACC quality could be reasonably maintained without 
breakage when processed for a maximum of 180 min. 
Whilst 180 min would be undesirable for an indus-
trial process, it was agreed that using this as an upper 
time limit would be suitable for this work, to explore 
a wider design space and obtain the best outcomes 
from the experimental design. The parameters and 
coded values of factors are shown in Table 1.

The full factorial design includes 8 factorial runs 
located at the corner points of the experimental space 
and a further 5 replicates of the center point of all fac-
tor ranges. The center points were replicated 5 times 
to provide a balanced estimation of error and assess-
ment of repeatability (Lee 2019; Owen et  al. 2001). 
Runs were randomized to reduce the risk of system-
atic errors. This resulted in 14 experimental runs as 
shown in Table 2, along with measured responses.

The experimental data obtained for the full fac-
torial design was fitted to a linear model with main 
effects and interactions, where the predicted mean 

response variable ŷi , is written as a linear combina-
tion of the factors. The model is shown in Eq. (1) for 
M number of independent factors (Lee 2019).

where  xi, and  xixj denote the linear and interaction 
terms of the independent factor variables, and the 
coefficients determined when fitting the model for the 
intercept, linear and interaction terms are represented 
by β0, βi, and βij, respectively.

Response surface design

For optimisation, a subsequent response surface 
design was established based on the same experimen-
tal domain as outlined in Table 3.

Central composite designs (CCD), are a popu-
lar form of response surface methodology (RSM) 
proposed by Box and Wilson (1951). These designs 
involve the addition of star points, located a certain 
distance (denoted by α) from the centre to allow 
estimation of curvature and quadratic effects (Lee 
2019). The original form of the central compos-
ite design is the central composite circumscribed 

(1)�yi = 𝛽0 +

M
∑

j=1

𝛽jxj +

M
∑

i<j

M
∑

j=1

𝛽ijxixj

Table 1  Parameters and coded values used in the full factorial 
design

Actual values used in the experiment are shown
() Coded values are displayed in brackets

Symbol Factors Levels

Low (− 1) Mid (0) High (1)

A Temperature (°C) 30 90 150
B Pressure (MPa) 1 2.3 3.6
C Time (mins) 1 90.5 180

Table 2  Experimental runs used in full factorial design

A = Temperature (°C), B = Pressure (MPa), C = Time (mins)
Samples are listed in run order with corresponding sample 
ID’s. Center points are denoted by (CP) next to samples ID

Run no ID Factor settings

A B C

1 1F (CP) 90 2.3 90.5
2 2F 30 3.6 180
3 3F 30 3.6 1
4 4F 30 1 1
5 5F (CP) 90 2.3 90.5
6 6F 30 1 180
7 7F (CP) 90 2.3 90.5
8 8F 150 1 1
9 9F 150 1 180
10 10F (CP) 90 2.3 90.5
11 11F 150 3.6 1
12 12F 150 3.6 180
13 13F (CP) 90 2.3 90.5
14 14F (CP) 90 2.3 90.5
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(CCC), a five-level design where the star points 
lie at the extreme values of the factors under inves-
tigation (Cevheroğlu Çıra et  al. 2016), typically 
extending beyond the original limits set by the full 
factorial. Whilst useful for exploring a wider experi-
mental space, it is not always appropriate or possible 
to extend the original factor limits. For example, if 
the new extreme settings were impractical for a par-
ticular process, or might cause quality degradation 
(Cevheroğlu Çıra et  al. 2016; Dozie and Nwanya 
2020). An inscribed central composite design (CCI) 
was chosen for this work, where each factor has five 
levels, and the upper limits of the original full facto-
rial represent the limits of the CCI design. This cre-
ates a design where the additional star points fall 
inside the experimental domain. The response surface 
model is shown in Eq. (2) where xi

2 denotes the addi-
tional quadratic term of the independent factor vari-
ables, and βii represents the coefficients determined 
when fitting the model for quadratic terms.

The design consisted of 14 additional runs shown 
in Table 4, along with six center point replicates giv-
ing a total of 20 runs. The six center points prepared 
previously during the full factorial design were used 
in this design.

Statistical analysis

The software package Minitab was used to generate 
the initial full factorial and subsequent response sur-
face designs, as well as analysing the experimental 
data through regression analysis and analysis of vari-
ance (ANOVA). A model was generated from back-
ward elimination of insignificant terms, determined 
using the p values (p ≥ 0.05 considered insignificant). 
Coefficient of determination,  R2, was calculated to 

(2)�yi = 𝛽0 +

M
∑

j=1

𝛽jxij +

M
∑

i<j

M
∑

j=1

𝛽ijxixj +

M
∑

i=1

𝛽iix
2
i

validate how well the experimental data are repre-
sented by the independent terms of the model (de 
Olveira et  al. 2018; Filho et  al. 2022; Mohammed 
et  al. 2023). The adjusted coefficient of determina-
tion,  R2

(adj), used to validate the strength of model 
with respect to the number of model terms (Mont-
gomery 2017). Additionally, the predicted coefficient 
of determination,  R2

(pred) was used to gauge the pre-
dictive power of the resulting model (Mohammed 
et al. 2020).

Response optimization and validation

Derringers desirability function (Derringer and Suich 
1980) was used to identify the optimum process con-
ditions to yield the most desirable response. ACC 
samples were made using these conditions and tested 

Table 3  Parameters and 
coded values used in the 
response surface design

Actual values used in the 
experiment are shown
() Coded values displayed 
in brackets

Symbol Factors Levels

Low (− α) (− 1) Mid (0)  ( 1) High (α)

A Temperature (°C) 30 53 90 127 150
B Pressure (MPa) 1 1.5 2.3 3.1 3.6
C Time (mins) 1 35.7 90.5 145.3 180

Table 4  Additional experimental runs used in response sur-
face design

A = Temperature (°C), B = Pressure (MPa), C = Time (mins)
Samples are listed in run order with corresponding sample IDs

Run No Sample ID Factor settings

A B C

1 1C 30 2.3 90.5
2 2C 90 2.3 180.0
3 3C 90 1.0 90.5
4 4C 90 2.3 1.0
5 5C 150 2.3 90.5
6 6C 90 3.6 90.5
7 7C 53 1.5 35.7
8 8C 127 3.1 35.7
9 9C 53 3.1 145.3
10 10C 127 1.5 145.3
11 11C 127 3.1 145.3
12 12C 127 1.5 35.7
13 13C 53 1.5 145.3
14 14C 53 3.1 35.7
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to determine how well the obtained model was at pre-
dicting the properties of additional ACCs.

Results and discussion

Statistical analysis of the full factorial design

Tensile Strength

Table 5  Measured responses from the experimental runs of the full factorial design. Additional responses for each sample can be 
found in Table SI 1 of the supplementary information

A = Temperature (°C), B = Pressure (MPa), C = Time (mins)

Run No ID Factor settings Responses

A B C Tensile 
Strength 
(MPa)

Young’s 
Modulus 
(GPa)

Thickness (mm) Density, ρ (g/cm3) Void content (%)

1 1F (CP) 90 2.3 90.5 75.4 ± 3.5 3.3 ± 0.2 0.23 ± 0.02 1.39 ± 0.01 7.3 ± 0.4
2 2F 30 3.6 180 67.3 ± 1.5 2.5 ± 0.2 0.26 ± 0.02 1.20 ± 0.01 20.2 ± 0.3
3 3F 30 3.6 1 62.3 ± 1.7 1.9 ± 0.2 0.33 ± 0.02 0.96 ± 0.01 35.9 ± 0.4
4 4F 30 1 1 47.3 ± 2.3 1.4 ± 0.1 0.34 ± 0.02 0.96 ± 0.01 35.8 ± 0.3
5 5F (CP) 90 2.3 90.5 75.4 ± 2.1 3.5 ± 0.8 0.22 ± 0.01 1.39 ± 0.01 7.6 ± 0.9
6 6F 30 1 180 58.8 ± 1.5 2.4 ± 0.0 0.28 ± 0.02 1.09 ± 0.01 27.7 ± 0.9
7 7F (CP) 90 2.3 90.5 73.8 ± 4.6 3.3 ± 0.2 0.23 ± 0.02 1.33 ± 0.04 11.6 ± 2.5
8 8F 150 1 1 23.3 ± 1.1 3.1 ± 0.2 0.28 ± 0.01 1.13 ± 0.04 24.8 ± 2.9
9 9F 150 1 180 64.2 ± 3.0 3.9 ± 0.1 0.19 ± 0.02 1.48 ± 0.01 1.6 ± 0.9
10 10F (CP) 90 2.3 90.5 83.1 ± 1.7 3.6 ± 0.1 0.24 ± 0.01 1.32 ± 0.03 12.1 ± 1.7
11 11F 150 3.6 1 46.5 ± 1.9 3.8 ± 0.1 0.25 ± 0.01 1.29 ± 0.02 13.9 ± 1.2
12 12F 150 3.6 180 74.2 ± 1.0 3.8 ± 0.1 0.21 ± 0.01 1.30 ± 0.03 13.1 ± 1.7
13 13F (CP) 90 2.3 90.5 67.4 ± 4.8 3.2 ± 0.2 0.22 ± 0.01 1.35 ± 0.02 10.4 ± 1.2
14 14F (CP) 90 2.3 90.5 81.2 ± 1.4 3.3 ± 0.4 0.22 ± 0.01 1.33 ± 0.03 11.4 ± 1.8

Table 6  Analysis of 
Variance (ANOVA) from 
the full factorial model for 
tensile strength

Source Degrees of 
freedom

Sum of squares Mean square F-Value P-Value

Model 7 1807.23 258.18 0.87 0.581
 A: Temp (°C) 1 94.3 94.3 0.32 0.596
 B: Pressure (MPa) 1 404.02 404.02 1.37 0.295
 C: Time (mins) 1 904.91 904.91 3.06 0.14
  AB 1 11.73 11.73 0.04 0.85
  AC 1 338.47 338.47 1.15 0.333
  BC 1 48.42 48.42 0.16 0.702
   ABC 1 5.38 5.38 0.02 0.898

Residual 5 1477.07 295.41
Curvature 1 1320.37 1320.37 33.7 0.004
Pure error 4 156.7 39.17
Total 12 3284.3
R2 0.5503
R2 (adj) 0
R2 (pred) 0
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As shown in  Table  5 it was not possible to derive 
a model for tensile strength through the full fac-
torial design. All model terms were insignificant 
(p > 0.05), and the model indicator was also insignifi-
cant (p = 0.060) as shown in Table 6. The fit statistics 
of  R2,  R2

(adj) and  R2
(pred) were 0.55, 0 and 0 respec-

tively, further highlighting the inadequacy as a model. 
Although curvature was suspected (p < 0.05), the lack 
of other valid fit statistics suggests that a higher order 
model may not yield a better estimation. Data trans-
formations (box-cox, square root and log) (Osborne 
2010) were also attempted; however, these did not 
improve the ability of the data to fit a model. 

Whilst unsatisfactory from a statistical point of 
view, the lack of model for tensile strength provides 
supporting evidence of some stability during process-
ing, such that this parameter is insensitive to a very 
wide range of processing variables. In our previous 
work (Victoria et al. 2022), it was demonstrated that 
adding an interleaf cellulosic film in between textile 
layers provides an extra source of cellulose that fully 
dissolves to form the matrix component. This matrix 
component is sufficient to effectively bond the textile 
layers together and impregnate the fibre assembly, 
forming a well consolidated ACC with efficient load 

transfer to the partially dissolved fibres. With a disso-
lution-driven process under applied pressure, there is 
opportunity for dissolved cellulose and solvent to be 
lost through flashing, and by using a 3:1 S/C ratio it 
is possible to ensure that despite this loss, enough sol-
vent is present to fully dissolve the film and only par-
tially dissolve the fibres. Whilst the amount of matrix 
fraction and ACC consolidation may vary depending 
on process conditions, the fibre fraction in the ACC is 
unlikely to change significantly, even at high tempera-
tures where the rate of dissolution is increased (Liang 
et al. 2020). This explains the lack of significant vari-
ation in tensile strength, given this parameter is gov-
erned primarily by the fibre fraction of the composite 
(Matthews and Rawlings 1999; Nagavally 2017).

A plot of Young’s modulus and tensile strength 
for all prepared ACC samples is presented in Fig. 3 
where samples are plotted in order of ascending 
Young’s modulus. As Young’s modulus increases, 
tensile strength appears to display an upward trend-
ing curve with the exception of samples 8F and 11F, 
both prepared at temperature and time settings of 
150 °C, and 1 min respectively. Both samples have 
tensile strength values lower than the suggested 
curve would suggest, particularly sample 8F that 
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Fig. 3  Young’s modulus and tensile strength of ACC samples 
prepared for the full factorial design, in order of ascending 
Young’s modulus. Sample 4F was prepared at the lowest tem-

perature and shortest time, and sample 9F was prepared at the 
highest temperature and the longest time. (CP) denotes runs 
prepared at the center points
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has a notably lower value of 23 ± 1 MPa. Whilst it 
is possible that this sample is simply an outlier, it 
could be suggested that the combination of maxi-
mum temperature (150  °C) and such a short pro-
cessing time results in rapid dissolution of the cel-
lulose and a buildup of matrix fraction that cannot 
be expelled as flash. Although this results in more 
matrix fraction, the reduced pressure prevents this 
from being utilized effectively and fully penetrating 
through the fibre assembly. The insufficient consoli-
dation would cause a decrease in tensile strength. 
However, the significance of this is not highlighted 
in the ANOVA, suggesting that within the scope of 
the full factorial design, there is insufficient data to 
form a robust conclusion.

It is also worth noting sample 4F, prepared at the 
lowest temperature and shortest time, and sample 9F, 
prepared at the highest temperature and the longest 
time, exhibit the lowest and highest Young’s modu-
lus values, respectively. In addition to minimum and 
maximum factor settings, samples were also pre-
pared at the mid points of all factors and replicated 
for error estimation, referred to as center points. It is 
interesting to note from Fig. 3 that the curve in tensile 
strength appears to maximize for the sample produced 
at these points. The values for Young’s modulus that 
exceed the center points are obtained for samples 11F, 
12F, and 9F, all prepared at the maximum tempera-
ture setting of 150 °C, and two of these samples were 
prepared at the maximum time setting of 180 min. 
Whilst the Young’s modulus values obtained at the 
center points are not as high as these samples, they 
are close. In addition, the tensile strength of the center 

points is more noticeably higher, providing the best 
balance of properties from all factor combinations. 
This suggests that the largest overall improvement 
could be obtained towards the middle of the explora-
tory space, negating the need for higher temperatures 
and long dissolution times.

The peak values for tensile strength obtained at 
the center points is also worth noting in the context 
of the ANOVA analysis. The average tensile strength 
across the five center points is 76 ± 2 MPa; the max-
imum value obtained from all sample runs, and the 
coefficient of variance (COV) across the center points 
for tensile strength was 7%. Whilst being under 10% 
supports process reproducibility, a value above 5% 
is nonetheless a reflection on the inherent variability 
of natural fibres such as cotton (Awais et  al. 2021; 
Tholibon et  al. 2017). One of the key limitations of 
a 2-level full factorial design is the inability to esti-
mate quadratic effects (Azmi et  al. 2017; Jones and 
Nachtsheim 2011; Lee et  al. 2022). If there is very 
little variation between extreme corner points, a 
full factorial design will inevitably not pick up any 
changes in between. Although the addition of center 
points can help detect local curvature (Lee 2019), the 
variation in the majority of values obtained for tensile 
strength reflect overall, the marginal variations in this 
parameter from lower to upper limits.

Young’s modulus

A first order linear model was fitted for Young’s mod-
ulus with time and temperature as main effects with 

Table 7  Analysis of 
Variance (ANOVA) from 
the Full Factorial model for 
Young’s modulus

Source Degrees of 
freedom

Sum of squares Mean square F-value p-value

Model 2 5.9172 2.95862 21.72 0.00015
A: Temp (°C) 1 5.2155 5.21548 38.3 0.00007
C: Time (mins) 1 0.7018 0.70176 5.15 0.04431
Residual 11 1.4981 0.13619
Curvature 1 0.9193 0.91935 15.88 0.00258
Lack-of-Fit 5 0.4579 0.09159 3.79 0.08498
Pure Error 5 0.1208 0.02416
Total 13 7.4153
R2 0.798
R2 (adj) 0.7612
R2 (pred) 0.6494
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no interaction terms. The results of the Analysis of 
Variance (ANOVA) are shown in Table 7.

For each factor and factor combination in the 
model, the associated p-value indicates a significant 
effect within a confidence range of 95% if less than 
0.05 (Filho et  al. 2022). Furthermore, the p-value 
for the model indicator is significant (p < 0.05), sug-
gesting that the model is a good fit to the experi-
mental data (Filho et  al. 2022; Mohammed et  al. 
2023; Montgomery 2017). Additional statisti-
cal indicators such as F -value can be used to fur-
ther support the confidence in the derived model 
(Mohammed et  al. 2023, 2020), for example the 
F-value of 3.79 and p-value of 0.08 for the lack of 
fit indicates that the model is statistically insignifi-
cant relative to pure error. Finally,  R2,  R2

(adj), and 
 R2

(pred) were 0.80, 0.76, and 0.65 respectively, and 
the difference between  R2

(adj) and  R2
(pred) is less than 

0.2, which indicates that the model agrees well with 
the data (Anderson and Whitcomb 2016; Filho et al. 
2022; Jankovic et al. 2021; Mohammed et al. 2023; 
Oliveira et  al. 2018). Based on these indicators, it 
was agreed that the model for Young’s modulus 
was statistically acceptable, and Young’s modulus 
could be estimated with a linear model as given in 
Eq.  (3), where A and C are temperature in °C and 
time in minutes, respectively. The model is given in 
the form of uncoded factors, where the independ-
ent variables of temperature, pressure and time are 

expressed in their real units, rather than coded units 
such as − 1, 0, 1 that typically represent the point 
type in relation to the factor levels in the experi-
mental design (Montgomery 2017).

Main effects plots are presented in Fig. 4 showing 
the overall trend in Young’s modulus as a function 
of temperature and time, based on the model estima-
tion. Here, the positive influence of temperature and 
time is apparent, as well as the comparatively larger 
effect that temperature has, compared to time. This 
correlates with the data plots in Fig.  3 which show 
that the lowest and highest Young’s modulus values 
are obtained from samples 4F, prepared at the lowest 
temperature and shortest time, and sample 9F, pre-
pared at the highest temperature and the longest time, 
respectively.

There was, however, as highlighted in Table  7, 
significant curvature suspected (p < 0.05), suggest-
ing that there may be an unknown, further optimized 
region located within the experimental domain. This 
echoes the earlier observation made regarding the 
balance of properties obtained at the center points.

(3)
Young’s modulus = 1.526 + 0.01346 A + 0.00331 C

Fig. 4  Main effects plots 
for Young’s modulus
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Analysis of the full factorial data

To explore the reasons behind the estimated trends in 
Young’s modulus, the physical and mechanical prop-
erties of the ACC samples were plotted to identify 
any relationships present. Young’s modulus is plotted 
against ACC thickness and density in Fig. 5, showing 
strong correlations between these metrics and high-
lighting the influence of physical properties in driving 
Young’s modulus (Chen et al. 2020; Korhonen et al. 
2019). A thinner material is likely due to a reduc-
tion of internal void space as air is pushed out under 
compaction, as well as a reduction in excess matrix 
fraction as dissolved cellulose is lost. This produces 
a denser material, which is an important factor to 
consider in ACC performance (Chen et  al. 2020; 
Korhonen et al. 2019).

The difference in thickness can be seen in the ACC 
cross-sections obtained from optical microscopy 
shown in Fig. 6, paying close attention to samples 4F 
and 9F in Fig. 6a, f, that exhibit the lowest and high-
est Young’s modulus, respectively. These samples 
were prepared at the minimum and maximum settings 
for temperature and time, providing some insight into 
the potential positive influence of the two process 
factors. The difference in thickness can be seen very 
clearly between the two samples, where a much thin-
ner, arguably more consolidated ACC cross-section 
is seen in 9F, prepared at the highest temperature 
and time settings of 150  °C and 180  min, respec-
tively. The density of this sample is significantly 
higher as 1.48 g/cm3, as compared to 4F prepared at 
temperature and time settings of 30  °C and 1  min, 
respectively.

A comparison of properties for these samples is 
shown in Fig. 7 along with a visual representation of 
the two-dimensional space in which these samples 
lie. The increased density achieved at the highest tem-
perature and time settings additionally indicates a low 
void content which would contribute to a strong fibre-
matrix interface and strong bonding between the lay-
ers. This makes for efficient transfer of external loads 
which is evidenced in the improvement of Young’s 
modulus from 1.40 ± 0.05 to 3.9 ± 0.1  GPa when 
comparing 4F to 9F. In addition, tensile strength is 
improved from 47.3 ± 2.3 to 64.1 ± 3.0 MPa between 
the two samples. The influence of temperature in 
supporting dissolution is also apparent in Fig.  6a–d 
where the interleaf film can still be seen between the 
textile layers. As previously found, complete dissolu-
tion of the film is desirable to ensure that the matrix 
can fully penetrate the fibre assembly and reduce void 
content. The lower range of density values for all 
samples prepared at 30 °C supports this, with a range 
of 0.96–1.20 g/cm3.

It is important to be aware of overall product qual-
ity when looking to optimise a process. Photographs 
of each prepared ACC after processing are shown in 
Fig. 8 where some discolouration of the samples pre-
pared at the highest time settings can be seen, as well 
as some loss of quality and consistency of the surface.

Whilst it is crucial to look at optimising mechani-
cal properties, maintaining product quality and visual 
appeal is equally important. Therefore, such desirabil-
ity attributes must be considered to ensure a good bal-
ance of properties can be obtained without compro-
mising quality. The derived linear model for Young’s 
modulus estimates an increase in this property with 
increased temperature and time, and this reflects the 

Fig. 5  Young’s modulus 
of prepared ACCs plotted 
against. a thickness and b 
density
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high modulus achieved for sample 9F, irrespective of 
sample quality.

For a commercial process, dissolution times of 180 
min would typically not be favourable, as it is always 
in the best interest for materials to be produced in the 
most time-efficient way (Hull and Clyne 1996; John-
son 2003). In addition, the importance of sustainable 
processing must not be overlooked, and so it would 
be useful to explore energy requirements associated 
with processing conditions. From the temperature and 
time settings for each experimental run, a value can 
be calculated to represent the heat energy used in pro-
duction, give in Eq. 4 as follows:

Where room temperature in the lab is taken as 
20  °C. This then provides a metric to compare the 
energy used making each sample. The mechanical 
absorbed energy (toughness) during tensile testing 
can also be found by calculating the area under the 
stress–strain plots, to indicate how much energy the 
material is absorbing as it undergoes tensile loads. 

(4)

Heat energy used in production (C◦ ⋅ hr)
= (Temperature (C◦)−Room temperature(C◦))
× Time (hr)

Fig. 6  Optical microscopy cross-section images of ACCs pre-
pared for the full factorial design including six center points. 
Samples are labelled in the following way, ID(X)(Y)_Z repre-
senting an ACC prepared at a temperature of X °C, a pressure 

of Y MPa, and a time of Z minutes, prefixed with sample ID. 
CP denotes the samples prepared at the center points. Scale bar 
represents 100 µm
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Figure  9 shows both the heat energy used in pro-
duction, and mechanical absorbed energy for each 
sample from the full factorial design, plotted in the 
same order as shown in Fig. 3, in order of ascending 
Young’s modulus.

From Figs.  3 and 9, this it is seen that although 
sample 9F possesses the highest modulus, the energy 
required to produce this sample at maximum tempera-
ture and time is significantly higher than that required 
to produce the center points, for example. Addition-
ally, the energy absorbed for the center points is in the 
higher range of all samples. These observations fur-
ther support the suggestion that the optimized region 
may be located closer to the center of the experimen-
tal domain, in terms of reducing energy requirements 
as well as achieving a good balance of properties. The 
next phase of this study involves expanding the work 
to a response surface design to explore the possible 
curvature and optimum region, and estimate potential 
higher order quadratic effects (Jankovic et al. 2021).

Statistical analysis of the CCI design

Tensile strength

Table 8 shows the experimental conditions assigned 
to the CCI design, along with measured responses. 
For tensile strength, no terms were significant 
(p > 0.05) and so it was not possible to obtain a 
response surface model for this property. With five 
levels for each factor rather than three, the major-
ity of factor combinations for this response surface 
design combine the settings located at the interior 
points of the experimental domain.

Where the full factorial design comprised combi-
nations of upper and lower limit settings in one run 
(corner points), the CCI design omits these. Of the 
14 extra experimental runs involved, seven of these 
comprise just one factor set at its upper or lower 
limit, and the remaining runs are combinations 
of the inner levels. It is useful to refer to Fig.  10 
where cross-sectional images of the ACCs samples 
prepared for the CCI design are presented, show-
ing a smaller range of variability in thickness and 

Fig. 7  Images and comparison of properties of samples prepared at the lowest and highest temperature and time settings in the full 
factorial design
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Fig. 8  Images of ACC samples produced for the full factorial 
design including six centre points. Samples are labelled in the 
following way, ID(X)(Y)_Z representing an ACC prepared at 

a temperature of X °C, a pressure of Y MPa, and a time of Z 
minutes, prefixed with sample ID. (CP) denotes the samples 
prepared at the centre points
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Fig. 9  Mechanical absorbed energy and heat energy used in production plotted for each ACC sample in order of ascending Young’s 
modulus

Table 8  Experimental runs 
used in the response surface 
design, with responses

A = Temperature (°C), 
B = Pressure (MPa), 
C = Time (mins)
Samples are listed in run 
order, and sample IDs 
are given as XC where X 
represents run order. Center 
points from the full factorial 
design are also included for 
completeness

Run No Sample ID Factor settings Responses

A B C Young’s Modu-
lus (GPa)

Tensile 
Strength 
(MPa)

1 1C 30 2.3 90.5 2.3 ± 0.1 56.1 ± 2.4
2 2C 90 2.3 180.0 2.9 ± 0.1 79.6 ± 1.1
3 3C 90 1.0 90.5 3.1 ± 0.0 63.2 ± 1.2
4 4C 90 2.3 1.0 2.3 ± 0.1 68.0 ± 2.0
5 5C 150 2.3 90.5 3.0 ± 0.0 78.5 ± 2.2
6 6C 90 3.6 90.5 3.0 ± 0.1 69.8 ± 1.8
7 7C 53 1.5 35.7 2.9 ± 0.1 73.1 ± 1.7
8 8C 127 3.1 35.7 2.9 ± 0.2 70.1 ± 1.7
9 9C 53 3.1 145.3 2.7 ± 0.1 71.3 ± 1.3
10 10C 127 1.5 145.3 3.2 ± 0.1 73.7 ± 1.9
11 11C 127 3.1 145.3 2.8 ± 0.1 88.9 ± 5.1
12 12C 127 1.5 35.7 2.9 ± 0.2 48.9 ± 1.2
13 13C 53 1.5 145.3 2.5 ± 0.1 62.2 ± 1.5
14 14C 53 3.1 35.7 2.7 ± 0.1 65.5 ± 0.7
Center Points

1F (CP) 90 2.3 90.5 3.3 ± 0.2 75.4 ± 3.5
7F (CP) 90 2.3 90.5 3.3 ± 0.3 73.8 ± 4.6
10F (CP) 90 2.3 90.5 3.6 ± 0.1 83.1 ± 1.7
13F (CP) 90 2.3 90.5 3.2 ± 0.2 67.4 ± 4.8
14F (CP) 90 2.3 90.5 3.3 ± 0.2 81.2 ± 1.4
5F (CP) 90 2.3 90.5 3.52 ± 0.08 75.4 ± 2.1
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consolidation across all samples. This differs from 
the samples obtained for the full factorial where 
the consolidation and thickness of the samples 
were more variable. This is reflected in the lack of 
modelling power across a relatively small range of 
values for tensile strength, and further supports the 
overall stability of this property within the bounda-
ries of the chosen domain.

Young’s modulus

It was possible to fit a second order quadratic model to 
the experimental data for Young’s modulus as shown 
in Eq. (5) in the form of uncoded factors, where A, B 
and C represent temperature in °C, pressure in MPa, 

and time in minutes, respectively. The results of the 
ANOVA analysis are shown in Table 9. For this model, 
 R2,  R2

(adj), and  R2
(pred) were 0.75, 0.68, and 0.49 respec-

tively, and the difference between  R2
(adj), and  R2

(pred) 
was again less than 0.2. Additionally, the model is sta-
tistically insignificant (p > 0.05) relative to lack of fit, 
as demonstrated by p-value of 0.22 and corresponding 
F-value of 2.06.

All coefficients in the model are significant 
(p < 0.05) except for time as a main linear effect. 

(5)

Young’s modulus
= 0.696 + 0.03653 A + 0.01583
C − 0.000180 A2 − 0.000082 C2

Fig. 10  Optical microscopy cross-section images of ACCs 
prepared for the response surface CCI design. As previously 
for the full factorial design, samples are labelled in the fol-

lowing way, ID(X)(Y)_Z representing an ACC prepared at a 
temperature of X °C, a pressure of Y MPa, and a time of Z 
minutes, prefixed with sample ID. Scale bar represents 100 µm
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However, given the significance of the quadratic 
effect, this term must be present in the model to 
maintain hierarchy (Errore et al. 2017; Owen et al. 
2001). The significance of temperature and time as 
main effects found from the full factorial is again 
indicated in the response surface model and refined 
to suggest that the significance arises from the quad-
ratic effects more than the linear terms. As found in 
the initial full factorial design, pressure is deemed 
insignificant (p > 0.05), which is interesting given 
that the addition of pressure under compaction can 
reduce void content and improve consolidation 

(Huber et  al. 2012b; Mat Salleh et  al. 2017). It is 
possible that the chosen pressure range used in this 
study is sufficient to achieve desired consolidation, 
and that looking at a wider pressure range in future 
work could confirm this.

Influence of temperature and time on Young’s 
modulus

The main effects plots in Fig. 11 display the quadratic 
effects of both temperature and time on Young’s mod-
ulus based on the derived model, and the curvature 

Table 9  Analysis of 
Variance (ANOVA) from 
the response surface model 
for Young’s modulus

Source Degrees of 
freedom

Sum of squares Mean square F-value P-value

Model 4 1.8398 0.45995 11.17 0
A: Temp (°C) 1 0.31424 0.31424 7.63 0.015
C: Time (mins) 1 0.04292 0.04292 1.04 0.323
A2:  Temp2 1 0.78151 0.78151 18.98 0.001
C2:  Time2 1 0.79998 0.79998 19.43 0.001
Residual 15 0.61749 0.04117
Lack-of-fit 10 0.49668 0.04967 2.06 0.221
Pure error 5 0.12081 0.02416
Total 19 2.45729
R2 0.7487
R2 (adj) 0.6817
R2 (pred) 0.4864

Fig. 11  Main effects plots 
for Young’s modulus as a 
factor of processing factors 
temperature and time
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that was suspected in the full factorial design. An 
increase in modulus is achieved with increased tem-
perature and time up to a point, after which the prop-
erty begins to drop. This is also represented through 
the two-dimensional contour plot in Fig.  12, where 
the region of optimized modulus lies around the mid-
points of temperature and time within the design 
space.

Achieving a sufficient balance of matrix and fibre 
reinforcement is key to the functionality of ACCs, 
and the volume of matrix present after processing 
relies on how much cellulosic material dissolves, as 
well as how much is retained under compaction. In 
previous work, it was hypothesised that a combina-
tion of sufficient solvent and high temperature would 
result in complete dissolution of the film, and par-
tial dissolution of fibre. This would preserve fibre 
reinforcement and create enough matrix to bond the 
textile layers together, as well as penetrate the fibre 
assembly. Sufficient matrix contributes to a strong 
interfacial bond strength where loads can be trans-
ferred efficiently from the matrix to the reinforcing 
fibers, resulting in good mechanical performance. 
Extending beyond 100  °C in this work allows for 
the opportunity to study what happens at lower and 
indeed, higher temperatures.

The reduced Young’s modulus at low temperatures 
(30–50 °C) suggests that although dissolution occurs, 
it is not sufficient to fully dissolve the film and allow 
sufficient matrix to disperse among the fibre assem-
bly. This was evident from the full factorial where the 
samples produced at the lowest temperature and time 
settings of 30 °C and 1 min respectively (Fig. 6a, c) 
showed signs of poor consolidation and incomplete 
film dissolution. Although there was some improve-
ment at 180 min (Fig. 6b, d), this improvement was 
minimal. The film can still be seen in Fig. 10a–d in 
the samples prepared at 30 and 53 °C, although con-
solidation is arguably improved with the increased 
time for these samples. Over time there is more 
opportunity for matrix penetration to happen resulting 
in a small improvement of properties as suggested in 
Fig. 12.

Increasing time or temperature to achieve 
improvements in Young’s modulus mirrors previ-
ous work into the time–temperature superposition 
of cellulose dissolution (Hawkins et  al. 2021), and 
is particularly clear at the lower settings of both fac-
tors. The optimised region highlights the positive 
effect of increasing temperature and time within the 
first 100 min and below 100 °C. Here, the increased 
temperature results in faster dissolution, which, 
with an increased time, results in longer compaction 

Fig. 12  2D contour plot 
of Young’s modulus as a 
function of temperature and 
time, generated from the 
statistical model
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and more consolidation. Beyond this point, it is sug-
gested that increasing one or both factors result in 
a reverse in the trend and a decrease in modulus 
which was not picked up in the original full facto-
rial. It can be hypothesised that increased dissolu-
tion of the fibre results in a lower fibre volume frac-
tion in the resulting ACC which would contribute 
to reduced properties. Although arguably more 
matrix material emerges from increased fibre dis-
solution, this is pushed out over time, resulting in 
an uneven composition of fibre and matrix. Looking 
at Fig. 10m for example, this sample prepared at a 
high combination of temperature and time is visibly 
thinner and more uneven than the rest, and there is 
a distinct lack of sufficient matrix surrounding the 
fibres.

Limiting fibre dissolution is key to achieving a 
good balance of mechanical properties, and the cellu-
losic film offers extra matrix material to allow this to 
happen. The primary focus is to ensure the process-
ing conditions are sufficient to simply ‘wet’ the fibres 
so that a strong fibre-matrix interface is created. The 
optimised region for maximising Young’s modulus is 
where dissolution is such that a small amount of cel-
lulose is dissolved overall from both precursors. The 
film dissolves fully due to it being physically thinner, 
and the fibres within the yarns only partially dissolve 
the outer fibre layer, leaving the inner core of highly 
orientated cellulose (Klemm et  al. 2005; Soykeab-
kaew et al. 2009) intact to provide strength.

It is important to remain aware that the trends pro-
vided in Figs. 11 and 12 are estimation based on the 
best fit model obtained through analysis of the meas-
ured data. It should be accepted that with all experi-
mental work, there is bound to be variations between 
the data and the fitted model, and this is particularly 
relevant when working with natural materials that 
possess inherent variability. As both the full factorial 
and the CCI are analysed independently, there may 
be some variation in each model estimation due to 
them being based largely on different data sets. For 
example, the drop in properties at higher temperature 
and time as estimated from the CCI design, is not as 
apparent in the full factorial runs, as sample 9F pre-
pared at the maximum temperature and time exhib-
ited a high modulus, rather than a reduced one. In 
the CCI, the samples prepared at higher temperature 
and time settings, for example, 10C and 11C, exhibit 
similar Young’s modulus to the values obtained at the 

center points. It could be that in reality the proper-
ties are levelling off rather than decreasing. The dis-
parity between the model and the data is a result of 
the best fit based on most of the available data, bear-
ing in mind that the CCI model estimates from more 
runs, and thus more data than the full factorial. Over-
all, the estimations for Young’s modulus are reason-
ably matched in terms of significant factors, allowing 
the response surface model obtained from the CCI to 
bring some insight into how the ACCs can be opti-
mized. The ability to accurately predict properties 
based on optimised conditions, will be explored in the 
next section.

Desirability of model results

The optimum combination of process conditions to 
maximize Young’s modulus was obtained using Der-
ringer’s desirability function based on the obtained 
CCI response surface model with a standard devia-
tion of 0.2. Optimum temperature, and time settings 
of 101 °C and 96.8 min respectively were identified, 
to produce an ACC with an average Young’s modu-
lus of 3.3  GPa. This is unsurprising when looking 
at the measured Young’s modulus values across the 
CCI runs, as the samples exhibiting values at the 
upper end of the range are indeed the center points, 
prepared at temperature and time settings close to 
the desirability prediction. This supports the earlier 
hypothesis that the more favourable combination of 
properties may well lie within the mid-range of the 
processing factors.

As pressure was not deemed significant in the final 
model, the midpoint of the pressure range was chosen 
for sample preparation. Five replicates were made and 
for each replicate, five specimens were tested. The 
mean, and coefficient of variance across all replicates 
was then calculated.

Model validation

Table  10 shows the measured properties of all in-
lab test samples, along with coefficient of variance 
(COV) and standard deviation across replicates. 
Images of the test samples are shown in Fig.  13. A 
Young’s modulus of 3.4 ± 0.1 was obtained from five 
experimental samples, with a COV of 6.2% and stand-
ard deviation of 0.2. With a COV of 0.85% between 
model and experimental values, there is a good 
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agreement with the model prediction, demonstrating 
that the model is capable of successfully predicting 
the properties of the ACCs and optimizing Young’s 
modulus. Moreover, an independent two-sample t-test 
(p = 0.05) was conducted on the model prediction and 
experimental samples, concluding that the difference 
between them was not significant (McKillup 2011; 
Mohammed et al. 2023).

Additional samples were made at pressure set-
tings of 1 and 3.6 MPa respectively to confirm the 

insignificance of pressure in the final model, as well 
as to explore whether this factor affects physical char-
acteristics of the ACCs. For these additional sam-
ples, two replicates were made and tested. The COV 
between the model and the samples made at 1 MPa 
and 3.6 MPa was 1.7% and 1.1% respectively show-
ing that there is little difference between the variance 
of the experimental samples and model prediction. 
The COV between all experimental samples was 
0.6%, highlighting the lack of pressure as an influ-
ential factor, however, the pressure range used in this 
study was relatively narrow compared to previous 
works that have explored this parameter (Adak and 
Mukhopadhyay 2016; Shibata et al. 2013). It is possi-
ble that this pressure range is too narrow to cause any 
significant change in properties.

Characterisation of the optimized ACCs

Table 11 shows additional properties for the samples 
prepared at the optimum conditions, fixing pressure at 
2.3 MPa. Cross-sections from three of these samples 
are presented in Fig. 14.

Although tensile strength could not be modelled in 
this work, a value of 72 ± 2 MPa was achieved along 
with an average peel strength of 811 ± 160  N/m, 
demonstrating excellent interlaminar strength. 

Table 10  Properties of experimental samples prepared at the 
identified conditions for optimising Young’s modulus, with 
model prediction for Young’s modulus

Processing conditions n Young’s 
modulus 
(GPa)

Tem-
perature 
(°C)

Pressure 
(MPa)

Time (mins) Average S.D

Experimental samples
101 2.3 96.8 5 3.4 0.2
101 1 96.8 2 3.4 0.1
101 3.6 96.8 2 3.37 0.03
Model prediction
101 – 96.8 20 3.3 0.2

Fig. 13  Images of ACC samples produced at the identified optimum conditions of 101 °C, and 96.8 min at 2.3 MPa. Additional 
samples prepared at 1 MPa and 2 MPa are also shown
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Furthermore, a density of 1.42 ± 0.03  g/cm3 was 
obtained in these ACCs, exceeding all but one of the 
density measurements obtained in the original full 
factorial samples. Sample 9F, prepared at maximum 
and temperature and time settings had a margin-
ally higher density of 1.48 ± 0.01 g/cm3, however, as 
noted previously this sample showed signs of dimin-
ished quality. A density of 1.42 ± 0.03 g/cm3 is higher 
than previously reported densities of ACCs prepared 
from cellulosic fibres such as Lyocell (Adak and 
Mukhopadhyay 2018; Gindl-Altmutter et  al. 2012) 
and flax (Gindl-Altmutter et  al. 2012), for example. 
Whilst density is not frequently reported in ACCs 
prepared using textile reinforcement, some compari-
son can be made to indicate that the density in this 
work is indeed comparable or higher to that obtained 
from ACCs made using Lyocell fabric (Adak and 
Mukhopadhyay 2016), and post-consumer cotton 

(Baghaei et al. 2022). It is understood that high den-
sity in ACCs indicates a low void content (Korhonen 
et  al. 2019; Uusi-Tarkka et  al. 2021) and the void 
content for these samples can be estimated as 5 ± 2%. 
Excellent consolidation can be seen from the opti-
mised ACCs in, without compromising the balance of 
matrix and fibre, and this is reflected in the properties 
obtained. Density, as a powerful factor in driving the 
mechanical performance of ACCs (Korhonen et  al. 
2019) is highlighted from these results.

Figure 15 shows the plot of Young’s modulus and 
heat energy used in production, for each of the CCI 
samples, in order of ascending heat energy. The plot 
also includes the average Young’s modulus and heat 
energy of the optimized samples (labelled ‘Opti-
mized’), showing that there is a good agreement 
between these, and the center point samples pro-
duced at similar processing conditions. Within the 
boundaries of this response surface design, the center 
points possess the highest modulus, and have a com-
paratively lower energy requirement than the samples 
with similar modulus values.

Sample 10C is the only sample with a Young’s 
modulus close to that obtained from the center points, 
however with temperature and time settings of 127 °C 
and 145.3  min respectively, the energy required to 
produce this sample is significantly higher. Along 
with tensile strength and density measurements, the 
optimized samples are desirable across a range of 
parameters.

It is worth bearing in mind that the inherent vari-
ability of natural fibres such as cellulose, as remarked 
on previously, may inevitably affect the outcomes of 
different sources of commercially obtained textiles. 
Whilst the in-lab validation agreed well with the 

Table 11  Measured properties of optimised ACCs prepared 
at temperature, pressure, and time of 101 °C, 2.3  MPa, and 
96.8 min respectively

Processing conditions
Temperature (°C) 101
Pressure (MPa) 2.3
Time (mins) 96.8
Properties
Young’s modulus, E (GPa) 3.4  ± 0.2
Tensile Strength, τ (MPa) 72  ± 2
Failure strain (%) 6.4  ± 0.2
Peel strength (N/mm) 811  ± 160
Thickness (mm) 0.22  ± 0.01
Density, ρ (g/cm3) 1.42  ± 0.03
Estimated void content (%) 5  ± 2

Fig. 14  Optical microscopy cross-section images of ACC 
samples prepared at the optimum temperature and time set-
tings as identified from the desirability analysis. Samples are 

labelled in the following way, ID(X)(Y)_Z representing an 
ACC prepared at a temperature of X °C, a pressure of Y MPa, 
and a time of Z minutes, prefixed with sample ID
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model prediction for Youngs modulus, it is possible 
that using a different batch of textile may produce dif-
ferent results. The estimation of error calculated from 
replicate center points, however, does provide an 
insight into the range of acceptable values for experi-
mental samples to match theory. It would be ben-
eficial to apply DoE methodology to ACC processing 
using a range of different cellulose sources to explore 
a wider range of variability and identify whether pro-
cessing behaviour differs from one source to another.

This work highlights the use of experimen-
tal design and optimization in achieving desirable 
mechanical properties in ACCs and lays the ground-
work for future work into the commercialization of 
ACCs, where identified process conditions can be 
used as a starting point for process modeling and 
scale-up. This will allow environmental impacts 
to be assessed using life cycle analysis (LCA) and 
techno-economic analysis (TEA). Furthermore, with 
the insight gained on the applicability of DoE in 
ACC production, there is potential to incorporate a 
wider range of responses into the optimization such 
as impact strength and heat deflection temperature 
(HDT), for example. Future work will include opti-
mizing ACCs across multiple performance indicators 
to further expand the potential applications for ACCs.

Conclusion

The application of statistical DoE was demonstrated 
as a viable approach to the efficient understanding of 
ACC preparation. Applied to our previously reported 
method of combining textile reinforcement and inter-
leaved films, it was possible to model Young’s mod-
ulus through an inscribed central composite (CCI) 
design and identify a desirable set of processing con-
ditions that would maximize this property. Validation 
samples exhibited an average Young’s modulus of 
3.4 ± 0.1 GPa, when processed at the predicted opti-
mum temperature and time of 101  °C and 96.8 min 
respectively, agreeing well with the model predic-
tion of 3.3 GPa. Additional mechanical and physical 
properties were obtained for these samples, providing 
encouraging insight into the power of statistical DoE 
to optimise ACC production. Not only was Young’s 
modulus modelled successfully, but the optimised 
ACCs exhibit an excellent balance of tensile strength, 
peel strength, Young’s modulus, and an important 
physical property, density. A key driver of this opti-
misation of mechanical properties would appear to be 
the elimination of internal voidage, which is a pro-
cess that takes many hours even at higher tempera-
tures. This an extremely valuable finding, and future 
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research will concentrate on finding ways to reduce 
this time to minutes for a viable commercial process.

Furthermore, the insignificance of pressure as a 
factor in determining Young’s modulus was validated 
by fixing temperature and time at the optimum set-
tings and preparing ACCs at varied pressure settings. 
The results showed that pressure settings of 1 MPa 
and 3.6 MPa will yield ACCs with a Young’s mod-
ulus of 3.4 ± 0.1  GPa and 3.37 ± 0.03  GPa respec-
tively, both in excellent agreement with the model 
prediction.

This work provides insight into obtaining 
improved process understanding more efficiently 
than traditional OFAT methods in the development 
of ACCs. Furthermore, enhanced insight into process 
reproducibility has been gained, which supports the 
future commercialization of such materials. This is 
an important step in the field of ACCs and the poten-
tial applications of statistical modelling. Future work 
will focus on adapting the process method to explore 
whether similar optimized properties can be achieved 
in shorter timescales and applying DoE methodology 
to different forms of cellulose.
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