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A B S T R A C T

All cellulose composites (ACCs) can be produced from native and man-made cellulosic fibres; use of the latter 
provides an additional application for waste-derived regenerated fibers. ACCs were prepared using an ionic 
liquid dissolution method, utilizing a regenerated cellulose (Tencel) textile, with and without an interleaf 
cellulosic film. A design of experiments methodology was applied to explore process-property relationships; 
concentration of the ionic liquid and the processing time and temperature were investigated. It was found that 
the film remained in-between the textile layers, rather than penetrating the fiber assembly, in contrast to our 
previous work on cotton-based ACCs. This is due to the structural differences between Tencel and cotton fabric. A 
multi-response optimization was conducted through a central composite face centered strategy, which captured 
the film system more strongly. Optimized processing conditions were identified, yielding a Young’s modulus and 
strain-to-failure of 5.3 GPa and 3.5% respectively, validated through in-lab samples.

1. Introduction

In recent years, all-cellulose composites (ACCs) have been a topic of 
growing interest in addressing the need to develop renewable material 
alternatives to traditional fossil fuel derived composites [1–9]. In 
contrast to traditional composite materials, whereby the matrix and 
reinforcing components are formed from different materials, ACCs 
feature matrix and reinforcing components comprising entirely of cel
lulose [4,10–12]. Cellulose is a renewable biopolymer found in nature 
[1,2,13], possessing intrinsically good mechanical properties [14]. With 
increasing concerns over resource scarcity and climate change [8,15], 
utilising renewable biomass is becoming a crucial focus to support the 
development of sustainable materials. The one-component system 
offered by ACCs additionally overcomes the challenges faced in recy
cling processes, where separation of mixed components would be 
required [1,8,16].

Cellulosic fibres can be produced via chemical means to produce 
man-made cellulosic fibres (MMCFs) [17]. Global production of MMCFs 
has more than doubled over the last 20 years from 3 million tonnes to 
7.2 million tonnes, accounting for 6 % of total global fibre consumption 
[18]. Whilst this is comparatively small when considering the market 
share of cotton fibres, it is worth noting that cotton fibre production has 

seen a decrease since 2019. Considered a more sustainable alternative to 
cotton and synthetic fibres such as polyester [19], it is no surprise that 
production of MMCFs has grown and is expected to continue to do so 
[18]. Over the years, alternate routes to producing MMCFs have been 
developed including the Lyocell process where fibres are produced via 
direct dissolution of wood pulp in N-Methylmorpholine N-oxide 
(NMMO), eliminating the need for derivatisation as required by the 
viscose process [20]. Since commercialisation in 1990, lyocell fibres 
have gained popularity as an alternative MMCF, with a growth rate 
predicted to exceed that of viscose in the near future [21].

It is evident that the demand for textile fibres continues to rise, 
however, with increased consumption comes the potential for increased 
future waste accumulation, to which the textile industry is a large 
contributor. In 2017, over 700 thousand tonnes of household residual 
waste heading to landfill or incineration came from textile products, and 
of this, 336 thousand tonnes were clothing products [22]. At present, 
MMCFs are produced from wood pulp as the raw material feedstock, 
however there is potential to use alternative biomass feedstocks such as 
waste textiles, an area of which there is growing interest [23]. This re
duces the demand for virgin feedstocks and offers a less destructive route 
to mechanical processing of textile waste that can result in low quality 
fibres unsuitable for textile products [24–26]. Exploring alternative 
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ways to valorise textile waste is a worthwhile area of investigation 
[27,28] and in the context of ACCs, the use of post-consumer textiles is 
garnering interest [1,29,30].

The utilization of textile waste to produce cellulosic fibres is an 
active area of research [25,26,31,32], and its potential to overcome 
these barriers is clear, producing a homogenous fibre that can be woven 
into a textile preform for use in ACCs. Additionally, this creates a fully 
circular system whereby the ACC can be re-dissolved after use, re-spun 
into fibres to be woven into textile, and the process started again. To 
realise the potential of such technology, further process understanding is 
required to obtain the best properties from regenerated cellulose-based 
ACCs and how they compare to the native cellulose fibres such as cotton 
and flax. In our previously reported work [33] we explored the use of 
natural cotton fibre based textiles in combination with cellulosic films to 
produce ACCs with enhanced interlayer adhesion [34]. A cellulose film 
was introduced in between the layers of cotton textile prior to dissolu
tion in a combination of ionic liquid 1-ethyl-3-methylimidazoliam ace
tate ([C2MIM][OAc]), and dimethyl sulfoxide (DMSO). This was found 
to significantly improve the interlaminar bonding of ACCs and increase 
Young’s modulus when compared to ACCs produced without the film. In 
this work we apply DoE to investigate how dissolution conditions affect 
the mechanical properties of ACCs produced using MMCF based textiles, 
namely Tencel, a fabric comprising Tencel fibres produced via the lyo
cell process by Lenzing AG. Additionally, the use of the interleaved 
cellulosic film [33] is investigated to assess its potential benefits in a 
predominantly cellulose II system.

DoE provides an efficient route to process understanding where 
several factors can be explored simultaneously, reducing the number of 
experimental runs needed [35–38]. Traditional one-factor-at-a-time 
(OFAT) methods involve varying one factor whilst keeping the others 
fixed [35,39,40]. Whilst this can be useful for systems with a small 
number of factors, it does not provide enough information about all 
possible factor combinations, and a more optimised region for the sys
tem may be missed. A 23 full factorial design was applied in the first 
instance to explore dissolution temperature, percentage [C2MIM][OAc] 
in DMSO (IL%), and dissolution time to investigate their effects on ACC 
mechanical properties. The experimental runs cover all combinations of 
the upper and lower levels of each independent factor [37,39,41], of
fering early insight into the appropriateness of the design space and the 
quality of outputs obtained at extreme process conditions, making them 
an ideal choice for initial screening [37]. Six additional runs at the 
center points were made to offer some insight into the repeatability of 
the process and provide a reasonable estimation of error [39,41].

The full factorial design was subsequently expanded to a response 
surface design to gain further insight into the process and optimise the 
response variable. Face-centred central composite (CCF) designs are a 
type of response surface design that are made up of factorial points, 
centre points, and star points, meaning they can build on existing 
factorial designs and allow quadratic effects to be estimated. The orig
inal full factorial runs are preserved in the design, and only a small 
number of additional runs are needed to expand this, that typically equal 
the number of factors multiplied by two [37,42], making it an efficient 
way to move from screening to optimisation.

2. Materials and methods

2.1. Materials

Regenerated cellulose (Tencel) was used for this work, purchased 
from Ecological Textiles, Netherlands. The fabric has an areal density of 
140 g/m2 and a thread count of 144. Natureflex 23NP cellulose film with 
a thickness of 23 µm was used as the interleaf cellulosic film layer, 
supplied by The Futamura Group. The films were used as supplied, as the 
small additives present in these films do not significantly affect the 
dissolution process [33,43]. 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.

2.2. ACC processing

ACCs were produced via our previously reported method of partial 
dissolution with applied heat and pressure [33,43], using two layers of 
Tencel textile. A schematic of the process is shown in Fig. 1. In this work, 
the two systems under investigation; processing ACCs with two layers of 
textile only, and processing with the addition of the interleaved cellu
losic film between the layers, are referred to as F0 and F1 respectively. 
Two Tencel textile layers were stacked aligning the warp yarns at 0◦, 
giving a stacking sequence of (0,0). The stack was then immersed in a 
solution of [C2MIM][OAc] and DMSO, and subsequently placed in a 
laboratory heat press and heated under pressure. A fixed processing 
pressure of 2.3 MPa was used for all the experiments. Pressure was 
explored through DoE in our previous work on cotton-based ACCs [43], 
where it was found to have no significant effect on the resulting ACC 
properties. A setting of 2.3 MPa does, however, allow the textile stack to 
maintain shape during processing. The textile layers were weighed to 
determine the dry mass of cellulose to be processed, and a solvent to 
cellulose (S/C) weight ratio of 3:1 was used. This aligns with our pre
vious work where it was found that a 3:1 S/C weight ratio resulted in 
sufficient matrix production to yield a fully consolidated ACC [33]. This 
helps to overcome flashing, where excess dissolved cellulose is expelled 
from the stack when pressure is applied. Additionally, there is no gain 
from limiting solvent use at laboratory scale when scaling up would 
involve the use of a solvent bath, exposing the textile substrate to excess 
solvent. The solvent solution comprised a mixture of [C2MIM][OAc] 
and DMSO, with the % by weight of [C2MIM][OAc] being one of the 
process factors studied. In our previous work using cotton textiles, the % 
weight of [C2MIM][OAc] was explored through the one-factor-at-a-time 
(OFAT) method, where it was found that adding 20 % DMSO allows for 
ease of application to the textile stack by lowering the viscosity of 
[C2MIM][OAc][33]. In this work, the % by weight of [C2MIM][OAc] 
was varied from 30 % to 100 % to explore its influence further. Disso
lution time and temperature were also varied as part of the experimental 
design. After dissolution, the samples were placed in a coagulation bath 
of distilled water at room temperature and left for 1200 min (20 h) to 
allow the solvent to be removed. The stack was then dried in the heat 
press at fixed temperature, pressure, and time of 125 ◦C, 2.3 MPa and 60 
min respectively [33,34,43].

2.3. Mechanical testing

Tensile strength, Young’s modulus and strain-to-failure were evalu
ated using an Instron 5584 universal tensile tester according to ASTM 
D1846. Test specimens were cut using a laser cutter to a gauge length of 
30 mm and width of 5 mm and tested using a crosshead speed of 10 mm/ 
min.

2.4. Materials Characterisation

2.4.1. Density measurement
A gravimetric approach was used to determine the densities of the 

optimized ACCs. The dimensions of cut specimen samples were 
measured using an RS PRO digital caliper to obtain the specimen vol
ume, and subsequently weighed. For each ACC, three specimens were 
measured and weighed to obtain an estimation of error. A reference 
value of 1.5 g/cm3 was used for the density of the cellulosic materials 
within the ACC, drawing from existing literature. The density of plant 
fibers is reported to be between 1.4 and 1.5 g/cm3 [44], cellulose II is 
reported to have an approximate density at 1.5 g/cm3, and the density of 
bulk amorphous cellulose is estimated to be in the range of 1.48 to 1.5 g/ 
cm3 [45].
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2.4.2. Optical microscopy
Cross-sections of the prepared ACCs were observed using an 

Olympus BH2 microscope in reflection mode. Composite thickness 
measurements were then extracted from these images utilizing ImageJ 
software. To enhance image clarity, samples were embedded in epoxy 
resin using a silicon mold and subsequently polished. To ensure an ac
curate representation of each sample was presented in this paper, mul
tiple images were obtained from which thickness measurements were 
taken. For each ACC sample, an average thickness value, along with the 
corresponding standard error, was calculated from six measurements.

2.5. Experimental design

2.5.1. Full factorial design
A 23 full factorial design was used for preliminary exploration of 

compaction temperature, process time, and % by weight of [C2MIM] 
[OAc] (IL %), and their influence on ACC properties. Here, the three 
continuous, independent factors each have 2 levels that represent the 
minimum and maximum settings. Fig. 2 outlines the experimental 
domain within which the experiments would be performed as deter
mined through preliminary screening experiments and insights from 
previous work [43], allowing the experimental domain to be refined for 
the full factorial design. The final minimum and maximum settings were 
ascertained to ensure the range over which to collect data was wide 
enough to capture the data effectively, whilst constraining conditions to 
avoid ACC damage and discoloration at extreme conditions of time and 
temperature. Six center points (CPs) runs were included to provide 

sufficient degrees of freedom, comprising a combination of the mid- 
points of all factor settings. Table 1 outlines the continuous factors 
and their coded values. Runs were conducted for both F0 and F1 sys
tems, therefore, the use of the interleaf film is included as a categorical 
factor. A representation of the full factorial design domain is shown in 
Fig. 2(a). For compaction temperature, a lower limit of 30 ◦C was chosen 
to allow accurate maintenance in the laboratory environment, and an 
upper limit of 120 ◦C was chosen to avoid damage of the ACCs which 
was found to occur beyond this point. To determine the range of times to 
be explored, several preliminary samples were made at 120 ◦C, and it 
was found that the Tencel based ACCs were not damaged if processed at 
a maximum of 180 min.

Table 2 shows the experimental runs used in this study. The first 14 
runs comprise the original full factorial design which includes 8 factorial 
runs (corner points) and an additional 6 center point repeat samples 
(CPs). The center points are located at the mid-point of all factor ranges 

Fig. 1. Schematic of the stages involved in the preparation and manufacture of the ACCs.

Fig. 2. Geometry of the full factorial (a) and central composite face centered (CCF) (b) design spaces with three factors (A,B,C) with associated experimental runs. 
The factorial/corner points and center points are shown as blue and yellow dots respectively. Additional runs (star points) for the CCF are shown as red dots.

Table 1 
Factors used in the full factorial design. Actual values used in the experiment are 
shown, and coded values are displayed in brackets.

Continuous Factors Lower (− 1) Centre Point (0) Upper (1)

A: Temp (◦C) 30 75 120
B: IL% 30 65 100
C: Time (mins) 10 95 180
Categorical Factor ​ ​ ​
Film No (F0) ​ Yes (F1)
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and are replicated to allow an assessment of repeatability and error 
estimation [39,41]. The order of runs to be conducted was randomized 
to reduce the risk of systematic errors. The data collected as part of the 
full factorial design was fitted to a linear model as shown in Eq. (1) for M 
independent factors, incorporating main effects and interactions. The 
predicted average response variable (ŷi) is expressed as a linear com
bination of the factors. These linear and interaction terms of the inde
pendent factor variables are represented by xi, and xixj, and β0, βi, and βij, 
represent the coefficients determined when fitting the model for the 
intercept, linear and interaction terms respectively. 

ŷi = β0 +
∑M

j=1
βjxj +

∑M

i<j

∑M

j=1
βijxixj (1) 

2.5.2. Response surface design
For further optimisation, a face-centered central composite (CCF) 

response surface design was used. This is a type of central composite 
design that can be established by expanding on the original full factorial 
design[37,42,46]. A further six experimental runs, known as star points, 
are added to allow quadratic effects to be estimated. With a face- 
centered design, the star points are located on the face of the experi
mental design cube, as shown in Fig. 2 (b). Each factor has three levels as 
outlined in Table 1 but the additional combinations provide more data 
to analyse. Equation (2) shows the response surface model, with the 
quadratic term xi

2 included, βii representing the coefficients determined 
when fitting the model for quadratic terms. 

ŷi = β0 +
∑M

j=1
βjxij +

∑M

i<j

∑M

j=1
βijxixj +

∑M

i=1
βiix2

i (2) 

An extra six samples were required to expand the original full factorial 
design, making a total of 20 runs as shown in Table 2.

2.6. Statistical analysis

The initial full factorial design and subsequent CCF design were 
generated using the software package Minitab. Regression analysis and 
analysis of variance (ANOVA) of the experimental data was also carried 
out using Minitab. Analysis was conducted separately for both systems 
(F0, ACCs without film and F1, ACCs with film) to allow comparison of 

these two systems and factor analysis to focus on the continuous factors 
of temperature, IL %, and time. Backward elimination of insignificant 
terms (p-value ≥ 0.05 considered insignificant) was used to generate a 
model to link the response variable to process factors. The goodness of fit 
of the model to the experimental data was assessed from calculation of 
coefficient of determination, R2 [47–49]. This was supported by calcu
lation of adjusted coefficient of determination, R2

(adj), used to validate 
the strength of model with respect to the number of model terms. The 
predictive power of the resulting model was gauged through calculation 
of predicted coefficient of determination, R2

(pred) [36].

2.7. Optimization and validation

Optimum process conditions to produce the most desirable response 
value were identified using Derringers desirability function [50], and 
samples were produced in the lab using these conditions. These samples 
were tested and resulting properties compared to the prediction, to 
assess how well the obtained model could predict ACC properties.

3. Results and Discussion

3.1. Initial analysis of the full factorial data

Tensile strength, Young’s modulus and strain-to-failure were 
collected for the ACC samples produced for the full factorial design and 
are shown in Table 3. Both systems F1(with film) and F0(no film) are 
shown, with the average of each run taken from five test specimens. An 
average value from six center points (CPs) was calculated.

Young’s modulus, tensile strength and strain-to-failure are plotted 
for each sample and shown in Fig. 3, in order of ascending Young’s 
modulus with respect to the ACCs made with the film. Optical micro
scopy images of all prepared samples are shown in Fig 4 and Fig 5 for the 
F0 and F1 systems, respectively. Minimal differences in tensile strength 
are seen when comparing systems F0 and F1, suggesting that the film has 
little benefit on this property. In our previous work [43], we found there 
to be a small reduction (~ 5–10 MPa) in tensile strength when using the 
film at the fixed processing conditions used. Here, we find that this 
property remains relatively unaffected with respect to using the film. 
There is more variation in values across Young’s modulus and strain-to- 
failure, however. Young’s modulus values are higher when the film is 
not used, with an average increase of 1–2 GPa for majority of samples. 
F0 and F1 systems are seen to follow similar trends, however, this is 
particularly strong for strain-to-failure as shown in Fig. 3(c). The data 
from both systems displays consistent patterns with the same high-to- 
low order observed in both, suggesting that the film does not affect 
how the process conditions influence this property.

The sample produced at the lowest factor settings (F0_2/F1_2) ex
hibits the highest strain-to-failure, indicative of under processing, or 
reduced dissolution of the yarns, which would allow them to untwist and 
stretch out under applied load, resulting in a high strain-to-failure. This 
sample also exhibits the lowest Young’s modulus, making it the least 
desirable ACC of those produced, with or without the interleaf film. This 
does not definitively suggest that these lower settings are insufficient to 
produce ACCs, but the combination of all three factors at low settings is 
unlikely to be optimum, resulting in a thicker cross-section, and less 
consolidation throughout as shown in Fig 4(a) and Fig 5(a).

Interestingly, the most desirable combination of properties is seen 
from the CPs which possess the highest Young’s modulus and lowest 
strain-to-failure. Additionally, Fig 4 and Fig 5 show that the most 
consolidated cross-sections are indeed seen at the CPs, consistent with 
the improved properties when compared to the corner points. This 
initial analysis suggests that the region around the CPs may be most 
optimum for ACCs, irrespective of whether the film is used or not. 
Indeed, the samples with strain-to-failure values in the region of 4 % 
show better consolidation than those exhibiting higher values, as seen in 
samples F0_6, F0_8 and F0_10 (Fig 4 (d, g, h)) and samples F1_6 and 

Table 2 
Experimental runs used in the study and listed in the run order. IDs for ACCs 
made with film, and without film are prefixed with ‘F1′ and ‘F0′ respectively. The 
first 14 lines represent the full factorial design and the last six lines (in bold) 
represent the additional CCF runs.

ID (Film) ID (No Film) Factor settings

A B C

F1_1(CP) F0_1(CP) 75 65 95
F1_2 F0_2 30 30 10
F1_3(CP) F0_3(CP) 75 65 95
F1_4 F0_4 120 30 180
F1_5 F0_5 30 30 180
F1_6 F0_6 120 100 10
F1_7(CP) F0_7(CP) 75 65 95
F1_8 F0_8 30 100 180
F1_9 F0_9 120 30 10
F1_10 F0_10 120 100 180
F1_11(CP) F0_11(CP) 75 65 95
F1_12 F0_12 30 100 10
F1_13(CP) F0_13(CP) 75 65 95
F1_14(CP) F0_14(CP) 75 65 95
F1_15 F0_15 30 65 95
F1_16 F0_16 120 65 95
F1_17 F0_17 75 30 95
F1_18 F0_18 75 100 95
F1_19 F0_19 75 65 10
F1_20 F0_20 75 65 180
A = Temperature (⁰C), B = IL %, C = Time (mins)
Center point IDs are suffixed by (CP).
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F1_10 (Fig 5 (g,h)), coinciding with the increased Young’s modulus 
values. We suggest that higher strain-to-failure values are attributed to 
poor bonding within the composite structure. An unprocessed fibre in 
the ACC could, therefore, stretch more under applied strain, giving a 
higher strain-to-failure of the overall ACC. Additionally, whilst the 
strain-to-failure of Lyocell fibres is in the region of 20 % [51,52], a 
matrix produced from Lyocell fibres is in the region of 4 % [52], which 
supports the observations. This suggests that a strain-to-failure in the 
region of 4 % can be used as a guide, to achieve good consolidation 
between the fibre and matrix phases indicative of sufficient processing in 
the ACCs.

3.2. Presence of the film

Another crucial observation emerging from Fig 5 is that the film layer 
can still be clearly seen. This was not the case in our previous work in 
cotton-based ACCs [33] where it was found that when the film fully 
dissolved, the matrix component provided by the film could penetrate 
the fibre assembly as well as sit between the textile layers. This rein
forced intralayer and interlayer bonding within the material, which 
contributed to improved mechanical properties when compared to a 
scenario where the film only partially dissolved. It is possible that the 
process conditions obtained through the full factorial design are not 
sufficient to achieve full dissolution of the film. Many samples are under 

Table 3 
Measured responses from the experimental runs of the full factorial design. F1_CPs and F0_CPs represent the average values over 6 center points for F1 and F0 systems, 
respectively.

ID Factor Settings Responses

A B C Young’s modulus (GPa) Strain-to-failure (%) Tensile Strength (MPa) Density (g/cc)

F1_2 30 30 10 1.7 ± 0.0 15.4 ± 0.3 56.7 ± 1.3 0.97 ± 0.03
F1_4 120 30 180 2.5 ± 0.2 10.0 ± 0.4 51.4 ± 4.9 1.03 ± 0.02
F1_5 30 30 180 2.6 ± 0.0 12.9 ± 0.7 59.1 ± 2.0 1.01 ± 0.01
F1_6 120 100 10 3.9 ± 0.3 3.0 ± 0.2 63.1 ± 2.7 1.29 ± 0.02
F1_8 30 100 180 3.2 ± 0.3 5.9 ± 0.5 56.9 ± 3.9 1.21 ± 0.01
F1_9 120 30 10 3.6 ± 0.1 7.4 ± 0.6 56.7 ± 1.9 1.21 ± 0.01
F1_10 120 100 180 3.5 ± 0.8 2.5 ± 0.4 58.3 ± 3.6 1.32 ± 0.01
F1_12 30 100 10 3.5 ± 0.1 7.3 ± 0.8 50.7 ± 2.1 1.16 ± 0.02
F1_CPs 75 65 95 4.6 ± 0.4 2.2 ± 1.1 59.6 ± 3.3 1.27 ± 0.02
F0_2 30 30 10 1.8 ± 0.2 10.8 ± 1.0 46.5 ± 2.1 0.98 ± 0.02
F0_4 120 30 180 3.4 ± 0.1 5.8 ± 0.6 46.4 ± 1.6 1.07 ± 0.01
F0_5 30 30 180 4.7 ± 0.2 7.4 ± 0.1 60.9 ± 1.7 1.19 ± 0.03
F0_6 120 100 10 5.6 ± 0.1 2.3 ± 0.2 67.6 ± 1.1 1.21 ± 0.03
F0_8 30 100 180 5.1 ± 0.3 3.0 ± 0.0 59.1 ± 1.4 1.23 ± 0.02
F0_9 120 30 10 3.0 ± 0.2 6.3 ± 0.1 44.7 ± 1.4 1.03 ± 0.03
F0_10 120 100 180 5.3 ± 0.2 2.1 ± 0.1 64.8 ± 1.6 1.25 ± 0.01
F0_12 30 100 10 3.9 ± 0.1 5.1 ± 0.0 53.7 ± 2.2 1.13 ± 0.02
F0_CPs 75 65 95 5.5 ± 0.2 1.6 ± 0.2 58.4 ± 2.5 1.22 ± 0.03
A = Temperature (⁰C), B = IL %, C = Time (mins)

Fig. 3. Measured values for Young’s modulus, YM (a), ultimate tensile strength, UTS (b) and strain to failure, STF (c) across all full factorial runs for ACCs made with 
film (solid dot) and no film (cross-box).
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processed with large strain-to-failure values, where it may be expected 
that the film would not fully dissolve, however, the film is visible across 
all FF samples including the six CPs which possess the best balance of 
properties. It is, therefore, entirely possible that there is an optimal re
gion not captured yet from the full factorial design, something to bear in 
mind as we conduct the ANOVA analysis.

3.3. ANOVA analysis of the full factorial data

ANOVA analysis was conducted using the data obtained through the 
full factorial design for both F0 and F1 systems separately and is pro
vided in the supplementary information (Tables S1-S3). To summarize, 
it was possible to capture strain-to-failure in some capacity for both 
systems, however, the fit of the model to the data was not strong as 
indicated by low coefficient of determination (R2) values of 37 % and 50 
% for the F0 and F1 systems respectively. Young’s modulus was captured 
only for the F0 system, however, again, the model was not a good fit to 
the data, as evidenced through a low R2 value of 30 %.

Center points are valuable additions to experimental designs such as 
the full factorial design as they can provide indication of the repro
ducibility of a process and an estimation of error [39,41]. In addition, 
the presence of CPs can also offer insight into possible quadratic effects 
of factors that the full factorial alone cannot capture. Whilst inconclu
sive, the results of the ANOVA are unsurprising given the best balance of 
Young’s modulus and strain-to-failure is observed at the CPs. A full 
factorial study can capture only linear relationships with interactions, as 

there is not enough data to estimate quadratic effects. It can, however, 
give some indication that there may be curvature, as indicated by a 
significant p-value (p < 0.05) associated with possible curvature. This 
was observed for strain-to-failure across both systems, consistent with 
the lack of fit of the captured linear model and is also the case for 
Young’s modulus for the F0 system. It is, therefore, recommended to 
expand to a CCF design to explore the design space further across both 
F0 and F1 systems.

3.4. Initial analysis central composite face centered design (CCF)

As illustrated in Fig. 2 (b), the experimental runs of the CCF comprise 
those of the original full factorial design, plus an additional 6 runs. The 
results are presented in Table 4. Density and strain to failure are plotted 
against Young’s modulus for the ACCs prepared without film (system 
F0) and presented in Fig. 6. Here, all the results from the full factorial, 
CCF and CPs fall on the same straight line. The CPs fall in a more 
desirable region (higher Young’s modulus, lower strain-to-failure, 
higher density) than the corner points of the FF, and the six centre 
face points from the CCF (red points) are overall better than the CPs, 
revealing a new optimal region where the Young’s modulus is the 
highest. This region was not revealed previously in the original full 
factorial design runs (blue), nor was it occupied by the centre points 
(orange). Whilst arguably unsurprising, the advantage of expanding a 
full factorial design to a response surface design is highlighted here, 
where additional samples can start to narrow down the region of 

Fig. 4. Optical micrographs of the full factorial corner points (a-h) and center points (i-n) for the F0 system.
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optimisation from the initial experimental domain. Prior to statistical 
analysis of the data, it could be suggested that the optimized region 
bears similarities to the processing conditions of the CPs, i.e., the mid- 
points. Perhaps a combination of mid-point factor settings leads us to 
more desirable ACCs, suggested by the CFF, which offers more precision.

Optical micrographs of the six experimental runs for the F0 system 
are presented in Fig. 7. The additional samples exhibit improved 

consolidation when compared to the eight corner points of the full 
factorial (Fig 4). Similar observations are seen with the F1 system as 
shown in Fig. 8, however, the CCF runs are not in line with the trend 
observed from the FF data. Instead, they have their own correlation, 
evidencing the curvature in the data that was not picked up from the full 
factorial points alone. Indeed, the CCF expansion has captured a region 
of processing conditions where, for the F1 system, Young’s modulus is 

Fig. 5. Optical micrographs of the full factorial corner points (a-h) and center points(i-n) for the F1 system.

Table 4 
Measured responses from the six additional experimental runs produced to form the CCF.

ID Factor Settings Responses

A B C Young’s modulus (GPa) Strain-to-failure (%) Tensile Strength (MPa) Density (g/cc)

F1_15 30 65 95 6.0 ± 0.2 2.1 ± 0.3 57.8 ± 1.6 1.31 ± 0.01
F1_16 120 65 95 6.0 ± 0.3 1.4 ± 0.1 63.3 ± 0.9 1.25 ± 0.00
F1_17 75 30 95 3.4 ± 0.1 8.8 ± 0.8 56.4 ± 3.1 1.10 ± 0.02
F1_18 75 100 95 5.6 ± 0.1 1.7 ± 0.2 60.1 ± 2.5 1.33 ± 0.01
F1_19 75 65 10 5.5 ± 0.1 1.5 ± 0.1 59.5 ± 3.2 1.25 ± 0.02
F1_20 75 65 180 6.7 ± 0.03 1.2 ± 0.02 62.4 ± 1.1 1.32 ± 0.02
F0_15 30 65 95 5.5 ± 0.3 1.8 ± 0.1 53.5 ± 2.6 1.18 ± 0.02
F0_16 120 65 95 6.1 ± 0.2 1.6 ± 0.02 64.8 ± 3.5 1.18 ± 0.02
F0_17 75 30 95 6.2 ± 0.1 3.0 ± 0.2 59.4 ± 0.6 1.27 ± 0.02
F0_18 75 100 95 5.9 ± 0.2 1.7 ± 0.2 62.9 ± 3.0 1.25 ± 0.02
F0_19 75 65 10 5.5 ± 0.4 1.5 ± 0.01 57.6 ± 2.8 1.26 ± 0.00
F0_20 75 65 180 6.3 ± 0.1 1.4 ± 0.2 68.0 ± 4.8 1.27 ± 0.01
A = Temperature (⁰C), 

B = IL %, C = Time (mins)
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more sensitive to changes in density. This is highlighted through the 
decreased gradient of the trendline captured for the CCF data. For both 
systems, the highest Young’s modulus is achieved with sample F0_20 
and F1_20, with values of 6.3 GPa and 6.7 GPa respectively. Here, both 
temperature and IL % are at the mid-points, however, the increased time 
to 180 min helps to increase Young’s modulus beyond that achieved at 
the CPs. It could be that more time is needed to push the internal air out 
from the sample as we observed in our previous published work on 
cotton. F0_20 is visibly flatter from looking at Fig. 7, however from 
Fig. 10, F1_20 is comparable in in thickness to the rest of the samples. 
The additional CCF samples made with film (F1) are presented in Fig. 9
and the same observation is made is from the extra CCF samples as 
previously, where the film can be seen in between the layers. We 
postulated that the film may only be partially dissolving at the process 
conditions assigned by the FF design, and by exploring the design space 
further, we could close in on a more optimum region where the film fully 
dissolves, forming a more consolidated ACC with better properties. The 
extra samples do exhibit better properties; however, the film is still 
visible, leading us to rethink the film behavior in the context of the 

textile, or more specifically, the Tencel fibre structure. It is possible that 
the layer seen is in fact, dissolved cellulose that has remained in between 
the textile layers, and on coagulation, has formed a layer of matrix 
component, and this is supported by our previous works [33,43]
reporting on ACCs prepared using cotton textiles. From this work we can 
identify a handful of samples prepared with cotton textile, at compa
rable processing conditions to those used in this work.

Fig. 10 shows optical microscopy images of ACCs prepared using 
cotton textile and interleaved films at 100 ◦C, 2 MPa for 10 min, using 60 
and 70 % IL in DMSO. Here we note that full dissolution of the film has 
occurred. This is not the case for sample F1_16 shown in Fig. 9(b), which 
was prepared at similar IL concentrations. This sample was prepared at 
120 ◦C for 95 min, which would support more, rather than less, disso
lution of the film. This suggests that the film has indeed dissolved fully, 
but the fact that we can still see a distinct region between the textile 
layers suggests that whilst the film dissolved, it had nowhere to go, and 
coagulated to form matrix exactly where it was placed during prepara
tion. In our previous work [33], the film was found to significantly 
improve interlaminar bonding, but in order to do so, it had to at least 

Fig. 6. Density (a) and strain to failure (b) are plotted against Young’s modulus for all runs in the CCF design for ACCs made without film (F0). Corner points from 
the full factorial design are shown in blue, The average CP value is shown in orange, and the additional CCF runs are shown in red.

Fig. 7. Optical micrographs of six additional samples (F0 system) prepared for the CCF.
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Fig. 8. Density (a) and strain to failure (b) are plotted against Young’s modulus for all runs in the CCF design for ACCs made with film (F1). Corner points from the 
full factorial design are shown in blue. The average CP value is shown in yellow, and the additional CCF runs are shown in red.

Fig. 9. Optical micrographs of six additional samples (F1 system) prepared for the CCF.

Fig. 10. Optical microscopy images of ACCs from previous work [33] prepared using cotton textile and interleaved films.
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partially dissolve in order to support a strong interface and avoid 
delamination. It didn’t necessarily need to penetrate through the textile 
to improve bonding, however, its mere presence provided the composite 
with enough matrix to bond the layers together which resulted in a 
significant increase in peel strength. What we did find, was that a 3:1 S/ 
C ratio (as used in this work) resulted in an ACC with the optimum 
Young’s modulus as well as interlaminar bonding. This was associated 
with the film penetrating through the fibre assembly, supporting 
consolidation within the material, contributing to fibre–matrix bonding, 
and thus enhanced mechanical properties. Of the 20 samples prepared 
for the F0 and F1 systems, 18 comparative samples exhibited the same 
failure upon tensile testing, suggesting that overall, inter layer and intra 
layer bonding wasn’t significantly influenced by the use of the film. Four 
samples delaminated upon testing for both F0 and F1 systems, and these 
samples were all processed at 30 % IL, the minimum setting for this 
parameter. The presence of the dissolved film provides insight into the 
Tencel fibers, as compared to the cotton fibers used in previous work. 
Tencel fibers are made up of multiple filaments, bundled together to 
form a fiber that is then woven into textile form. The filament cross 
section is largely spherical and smooth [53–55], allowing them to pack 
together more closely that in a native yarn such as cotton, which is made 
up of many bundles of irregular shaped cotton fibers [54,56]. This offers 
more space between the fiber bundles for solvent to access during 
dissolution, whereas in Tencel, the packing makes it harder for solvent 
to access. The reduced accessibility of the filament bundles possibly 
explains why the film is still seen in the ACCs, rather than dissolving and 
penetrating through the fibers as we saw in cotton-based ACCs. In the 
case of the Tencel, the film dissolves but is unable to move as easily. On 
coagulation, it remains in between the textile layers.

3.5. ANOVA analysis central composite face centered design (CCF)

The CCF data for each system (F0, F1) was analysed separately using 
Minitab. The extra CCF runs did not help to capture tensile strength, 
however, this is unsurprising given the small range of values across all 
20 runs. This was the case for both systems, suggesting that this property 
is not sensitive to the processing conditions or the addition of the film. 
The F0 system was not captured well for strain-to-failure or Young’s 
modulus as evidenced by poor fit statistics. The results are presented in 
the supplementary information (Tables S4-S5) but to summarize, a 
quadratic relationship was fitted to strain-to-failure, but the model had a 
significant lack of fit (F-value < 0.05). Young’s modulus was also 
captured in a quadratic model; however, this was associated with a low 
predicted coefficient of variance (R2

(pred)) of 21 %. The poor fit statistics 
put into question the predictive ability of the models captured. The 
additional runs, however, did allow the data from the F1 system to be 
captured across both Young’s modulus and strain-to-failure.

3.5.1. Young’s modulus (F1 system)
Young’s modulus was fit to second order quadratic model as shown 

in Equation (3). The equation is shown in the form of uncoded factors 
where B represents IL %, the only significant factor identified for this 
property. This suggests that the film may reduce the sensitivity of me
chanical properties to the processing parameters. 

Young’s modulus(GPa)(F1) = − 2.33 + 0.2152B − 0.001526B2 (3) 

The results of the ANOVA analysis for the F1 system are presented in the 
supplementary information (Table S6). If the p-value associated with 
each factor and factor combination is less than 0.05, this indicates a 
significant effect within a confidence range of 95 % [48], which can be 
seen in the ANOVA tables. The model has a good fit to the experimental 
data as indicated by the p-value (p < 0.05) for the model indicator 
[37,48,49]. Furthermore, there is no significant lack of fit, as high
lighted by the associated p-value (p < 0.05), and F-value (> 1) which 
indicates confidence in the models [36,49]. The model derived through 

the F1 system agrees well with the data obtained as indicated by the 
R2

(adj), and R2
(pred) values, where the difference between these values is 

less than 0.2 [48,49,57–59]. This was not the case for the F0 system. A 
main effects plot is provided in the supplementary information (Fig S1), 
displaying the proposed effect of IL% on Young’s modulus. This suggests 
that the optimum IL% for maximizing this property is 70 %. This is 
similar to the concentration used in our previous work of 80 %, which 
we determined through an OFAT approach [33]. A sufficient amount of 
ionic liquid is required to process the ACCs and achieve good bonding 
between the fibres and the matrix. However, the addition of DMSO is 
beneficial to allow ease of application of solvent solution to the ACC 
stack through lowering its viscosity.

3.6. Strain-to-failure (F1 system)

It was possible to capture strain-to-failure and the results of the 
ANOVA analysis for this property are shown in the supplementary in
formation (Table S7). Equation (4) represents the second order 
quadratic models for the F1 system. As before, the equation is shown in 
the form of uncoded factors where A and B represent temperature in ◦C, 
and IL %, respectively. Here, we see that strain-to-failure has a tem
perature dependance, but again as with Young’s modulus, time has not 
been identified as significant. The difference between the R2

(adj), and 
R2

(pred) values is less than 0.2 and the model indicator shows a good fit to 
the experimental data (p < 0.05). 

Strain − to − failure(%)(F1) = 30.54 − 0.0427A − 0.6834B+ 0.004509B2

(4) 

In summary, the CCF data has helped further identify the significant 
terms across the properties of Young’s modulus and strain-to-failure for 
the F1 system, where no terms were found in the original FF design. 
Through the CCF we now obtain information to suggest that IL% plays a 
role in driving this property. Additionally, the terms of temperature and 
IL% originally identified in the FF are still identified through the CCF, 
and the additional quadratic effect of IL% has improved the strength of 
the derived model from before. Interestingly, time has not been identi
fied as significant in driving ACC properties, in contrast to our previous 
work on cotton-based ACCs [43]. It was found that whilst dissolution of 
the film layer was not time-dependent, Young’s modulus did improve 
with increased time, up to a point. Over time, internal air will be pushed 
out, increasing the density of the resultant ACC. If time was increased 
further, a decrease in properties resulted, and we hypothesized that this 
was due to increased fibre dissolution combined with excess matrix 
being pushed out. With a Tencel-based ACC, film dissolution is achieved 
in all ACC samples, and time is not identified as being influential. The 
data for the two properties was captured more strongly for the F1 sys
tem, supporting an optimisation stage, so it was decided that a multi- 
response optimisation would be performed across this system on the 
derived models for Young’s modulus and strain-to-failure, using Der
ringer’s Desirability function.

3.7. Optimisation

Derringer’s desirability function was used to obtain a combination of 
significant process factors to yield the best balance of Young’s modulus 
and strain-to-failure for ACCs made with film. The aim here was to 
maximise Young’s modulus and maintain strain-to-failure around 4 % to 
avoid under processing as seen in earlier samples. The processing con
ditions with the predicted values for Young’s modulus and strain-to- 
failure are outlined in Table 5. It is interesting to note that time was 
deemed insignificant in driving both Young’s modulus and strain-to- 
failure for the F1 system, which was suggested earlier on analysis of 
the FF data. The majority of the extra six samples have indeed higher 
Young’s modulus values and strain-to-failures below 4 % and were 
produced at three different time settings. With this in mind the data 
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arguably lends itself to this possible conclusion, however, there is a 
difference of 1.2 GPa between samples F1_19 and F1_20, processed at the 
same temperature and IL%, but for 10 and 180 min respectively. 
Furthermore, the predicted response for Young’s modulus is 5.25 GPa, 
which is lower than 5 of the extra 6 samples produced for the CCF. Multi- 
response optimisation can result in a compromise between responses to 
get the best overall desirability, however, in this case Young’s modulus 
is driven by only IL%. Both responses rely on IL % to drive them, and 
optimize at 70 %, however, the inclusion of temperature originates from 
the model for strain-to-failure only. Therefore, the model irrespective of 
strain-to-failure would predict an optimum Young’s modulus of 5.25 
GPa. Nevertheless, the data has led to the predicted responses, and it is 
worthwhile to see if this can be validated. As time was deemed insig
nificant for the F1 system, a time of 10 min was chosen for validation. 
Four replicates were made, with four specimens tested from each 
replicate. The mean, and coefficient of variance across all replicates was 
then calculated.

3.7.1. In-lab model validation
The measured properties of the four in-lab test samples are shown in 

Table 6, along with coefficient of variance (COV) and standard deviation 
cross the four replicates prepared with film. An independent two-sample 
t-test (p = 0.05) was conducted to compare the means of the model 
prediction, and the experimental samples. The test concluded that the 
difference between the means for both Young’s modulus and strain-to- 
failure was not significant, thus validating the relationships found be
tween process conditions and both mechanical property responses. The 
use of interleaf films appears to lead to a process that can be modelled 
with predictive capability for mechanical properties such as Young’s 
modulus and strain-to-failure. A comparison of mechanical and physical 
properties of the optimised ACCs produced in this work, and optimised 
ACCs produced in our previous work, is provided in the supplementary 
information (Table S8).

3.8. Discussion

The adequacy of the model derived from the CCF has been confirmed 
through comparison to in-lab samples, however, it is important to 
acknowledge the possibility that there may be a better region in the 
experimental space to optimize mechanical properties, that the CCF has 
not identified. This is due to the notably higher measured values of the 
experimental runs used to expand the FF design to the CCF. The CCF 
approach is efficient for reducing experimental runs as it builds on an FF 
design, and it also allows the mid-points of factors to be explored in 

combination with more extreme values. Central composites designs 
typically have this attribute, for example a central composite circum
scribed (CCC) design, however, this often involves expanding the design 
space itself, which would result in negative factor settings in our case. 
The CCF option allows star points to sit within the space, as well as make 
use of an existing FF design. Given that some corner points of the FF 
exhibited similar favorable properties to the CPs, it was a reasonable 
strategy to consider the CCF approach to explore whether an optimized 
region lay directly near the CPs, or in some combination of factor mid- 
points. It is also important to acknowledge the limitations in the 
experimental work at lab scale and whilst every effort is taken to ensure 
samples are produced consistently (as demonstrated through replicates 
of CPs and validation samples), there may be specific disturbances (noise 
factors) that have yielded lower than expected experimental results, 
which would limit optimization. It is possible that noise may be too large 
due to the inherent capabilities of the experimental set up, meaning that 
predictions cannot be made within a small uncertainty window. The 
statistics have allowed us, nevertheless, to traverse the design space.

The noteworthy finding here is the ability of the F1 system to be 
modelled, where the F0 system was less successful. It is suggested that 
the film may help to maintain consistent dissolution conditions during 
sample making and, therefore, manage uncontrolled variability that 
arises through flashing. In essence, the film plays a role in reducing 
noise, thus allowing the ACCs to respond solely to the process factors 
under investigation. We observe the film remaining in between the 
textile layers which leads us to hypothesize that the structure of Tencel 
offers little space for it to migrate. This means that any dissolved cel
lulose from the fibres or film is likely to remain at the filament surface or 
in between the layers, rather than impregnating the filament bundles. 
Indeed, it may be that the fibre dissolution occurs only at the filament 
surface where it can be accessed easily. This means that the dissolved 
cellulose available for matrix is located such that it can leave the stack 
easily through flash, more so than if it were impregnating the filament 
bundles. In our previous work on cotton-based ACCs we showed that 
using enough solvent could offset flashing and provide enough matrix 
for consolidation [33]. With the Tencel textile, it may be that by off
setting the flash supports consistent matrix formation.

4. Conclusion

A design of experiments (DoE) approach was taken to investigate the 
processing of ACCs using Tencel textile and interleaved films, through 
the expansion of a full factorial screening to a central composite face 
centered (CCF) response surface design. It was found that the addition of 
the interleaved film allowed the process to be captured across the me
chanical properties of Young’s modulus and strain-to-failure, and a 
relationship between process conditions and mechanical properties was 
found. Validation samples were made at a temperature of 30 ◦C with 70 
% IL as identified through multi-response optimisation which exhibited 
an average Young’s modulus of 4.9 ± 0.2 GPa, and strain-to-failure of 
3.3 ± 0.3 %. With model predictions of 5.3 GPa and 3.5 % respectively, 
the predictive ability of the relationship was confirmed, however, 
several samples in the CCF design were seen to exhibit higher Young’s 
modulus values, leading us to question whether the ‘true’ optimum is yet 
to be found. An important discovery from this work is the behavior of the 
film and its role when applied to Tencel, and how this differed from 

Table 5 
Optimum processing conditions obtained through the response surface models 
for Young’s modulus and strain-to-failure, for ACCs prepared with interleaf film.

Processing conditions With Film system

A: Temperature (◦C) 30 ​
B: IL (%) 70 ​
C: Time (mins) 10* ​
Predicted responses ​ ​
Young’s modulus (GPa) 5.3 ​
Strain-to-failure (%) 3.5 % ​
Desirability 0.76 ​
* denotes arbitrary setting for insignificant factors

Table 6 
Young’s modulus and strain-to-failure of F1 experimental samples prepared at the identified optimum conditions, with model predictions.

Young’s modulus (GPa) Strain-to-failure (%)

Prediction Measured Prediction Measured

Average S.D Average S.D COV Average S.D Average S.D COV

​ ​ ​ ​ ​ ​ ​ ​ ​ ​
5.3 0.9 4.9 0.3 5.3 % 3.5 1.5 3.3 0.5 13.6 %
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previous work into native cotton-based ACCs [43], offering insight into 
how the structure of Tencel influences the resulting ACC. Here, the 
interleaf film dissolves during the process and forms a coagulated matrix 
region in between the textile layers, rather than penetrating the fibre 
assembly as observed with native cotton textile [33]. Whilst this addi
tional matrix was not seen to improve or reduce ACC mechanical 
properties, the film provides an immediate supply of dissolved cellulose 
to the ACC that helps to offset flashing and contribute to more consistent 
ACC formation, that can be modelled across multiple factors. The use of 
DoE to accelerate ACC process understanding is crucial for future 
commercialization, and the insights gained from this work are important 
for the cellulose community and indeed, those working in natural fibre 
composites. This work additionally demonstrates the potential of re
generated cellulose fibers in the production and optimization of ACCs 
and highlights an application area for sustainable materials produced 
from end-of-life textiles. Future work will involve further exploration of 
alternative designs to more finely pinpoint the optimal space and 
identify how best to achieve the most desirable ACCs using Tencel, with 
expansion of the factor space to include other regenerated fibres such as 
viscose and indeed those produced from waste textiles.
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