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A B S T R A C T

Woven fabrics containing high proportions of post-consumer and/or post-industrial wool are manufactured for 
certain types of clothing, e.g. suiting, but their suitability for further mechanical recycling in a closed loop is not 
widely understood. Therefore, representative, industrially manufactured woven fabrics containing mechanically 
recycled post-consumer wool waste (2 % - 55 %), and post-industrial/process wool waste (6 % - 84 %) produced 
by the MWool® process were systematically studied, to determine levels of fibre breakage during textile pro
cessing and prospects for further recycling. The initial mean fibre length in woven wool fabrics was negatively 
correlated to the percentage retained mean fibre length after mechanical recycling, to a greater extent than in 
wool knitwear. In addition to fibre breakage in mechanical recycling, finishing of woven fabrics containing 
recycled wool to enhance fabric aesthetics and performance, using fulling, brushing, raising and calendering 
processes also lead to fibre breakage. Due to the relatively short fibre lengths in the woven fabrics, subsequent 
recycling leads to breakage, but to a lesser extent (average retained fibre length of 84 %) than for recycled 
knitted fabrics (average retained fibre length of 72 %), even though the absolute mean fibre length of the woven 
fabrics is shorter than for knitted fabrics. However, woven fabrics containing MWool® recycled wool still have 
potential to be recycled at least once more as part of a closed loop system, before fibre breakage would neces
sitate diversion to other end-uses or waste streams. Innovative finishing methods that limit frictional forces on 
the fabric surface (instead of brushing or raising) are needed to preserve fibre length and improve the recy
clability of woven fabrics containing recycled wool.

1. Introduction

Mechanical recycling of used wool clothing, or ‘rags’ into new fabrics 
suitable for clothing is an established industry operating in Europe for 
over two hundred years [1]. Based on the pioneering work of Benjamin 
Law in Batley, West Yorkshire, UK, separate processing routes were 
developed for shoddy, composed mainly of post-consumer wool knit
wear and low twist yarns, and mungo from “harder” (i.e. higher density) 
fabrics such as woven tailors’ offcuts [2,3]. While wool’s closed loop 
recycling history is well documented, open-loop applications such as 
nonwoven mattress components and insulation have become industri
ally important to valorise wool waste, together with emerging applica
tions in fibre-reinforced composites, architecture, waste water 
treatment, organic nitrogen fertiliser, regenerated keratin proteins, and 
others [4] and sources therein.

In today’s wool recycling industry, waste wool is reclaimed from 
different sources. The principal waste streams are post-industrial, or 
process waste (e.g. yarn or cutting waste) and post-consumer (e.g. dis
carded clothing) [1]. Wool waste is recycled via wet or dry processes, 
depending on the fabric structure [5], to control fibre breakage during 
recycling. During mechanical recycling, fibres are frictionally restrained 
and subjected to tension within the fabric structure and by the feed 
rollers of the machine, while bending forces are applied as fibres interact 
with toothed or pinned rollers. This results in a degree of fibre breakage, 
with potential for morphological damage depending on the specific 
process configurations and settings. Similar conditions apply in opening 
and carding processes prior to staple yarn production [6,7].

Recycled wool is an important feedstock for the woollen yarn pro
duction system, and the making of new fabrics as part of fibre-to-fibre, 
closed loop recycling. To improve compatibility with woollen yarn 
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production, as well as to meet final product performance specifications, 
post-industrial and post-consumer recycled wool is often, but not al
ways, blended in different proportions (%), together with either virgin 
wool, or man-made fibres, prior to woollen yarn spinning (see Fig. 1). 
Depending on circumstances, wool also has potential to be recycled 
more than once [8].

The growing importance of the wool recycling industry is reflected 
by recent regulatory pressure and industry developments. The EU 
Strategy for Sustainable and Circular Textiles prioritises fibre-to-fibre 
closed-loop recycling, and will require all textile products sold in the 
EU to be made from recyclable materials by 2030 [9]. Elsewhere, 
industry-led initiatives and tools are defining preferred fibre materials, 
where recycled content is likely to provide a competitive advantage 
[10,11]. These tools have been embraced by many in the industry to 
help inform material sourcing decisions, and work is ongoing to refine 
and identify potential areas for improvement, especially for the assess
ment of natural fibres [12,13].

From a full-life-cycle assessment (LCA) perspective, the ability to 
recycle in a closed loop, based on mechanical recycling, also provides 
opportunities to reduce the overall environmental impacts of wool 
products. Increasing demands on textile producers to implement circular 
economies, and the need to accurately assess environmental impacts, is 
necessitating improved data and evidence gathering on the full life cycle 
of specific, rather than generalised categories of textile products, 
enabling meaningful calculation of real-world environmental impacts. 
This is necessary to address misleading environmental impact compar
isons for different fibres based on farm/factory-to-gate analyses, rather 
than finished products as the functional unit [13]. Furthermore, for 
some wool types including merino, there is potential to recycle wool 
fabrics in a closed loop multiple times before diverting to open-loop 
processes [8], potentially decreasing the overall carbon footprint [5]. 
Depending on how a final garment is used and maintained, Wiedemann 
et al. demonstrated that a wool blend sweater containing recycled fibre 
could reduce impacts by 66–90 % relative to a virgin pure wool sweater 
[14].

Practically, for closed loop recycling of wool to be possible, a suffi
cient fibre length of 20 mm [15] or 30 mm [16] must be retained to 
ensure the fibre is compatible with subsequent yarn production [16,17], 
which means minimising fibre breakage during mechanical recycling 
[1]. Retained fibre length therefore affects the economic value of the 
recycled fibre and this association between material properties, eco
nomic value, and the viability of recycling, has led to the development of 
recyclability indices (R) for different materials, including textiles, which 
are commonly defined as the ratio of economic value (£/kg) before and 
after recycling [18–20]. The Recyclability Potential Index (RPI), which 
is the sum of the environmental and economic gain indices for textile 

fibres, examines the impacts of virgin fibre production and disposal 
versus recycling [21].

A previous study of 100 % post-consumer wool knitwear introduced 
a Recycling Index to estimate wool fibre recyclability (and multi- 
recyclability) based on the retained fibre length after mechanical recy
cling, rather than economic and environmental factors [8], but it is not 
known if this can be extended to recycling of woven fabrics. The bulk 
density of woven apparel fabrics is usually higher than for knitted fab
rics (in these studies, 0.24 vs. 0.17 g/cm3 respectively), and in the 
manufacture of fabrics containing recycled wool, the fibre inputs come 
from several sources (see Fig. 1). Additionally, it is common to employ 
fabric finishing processes that consolidate the woven structure, e.g. 
fulling (to improve dimensional and mechanical properties), and raising 
or brushing (to frictionally raise fibres on the surface and improve aes
thetics). These factors may affect the closed loop recyclability of woven 
fabrics containing recycled wool and therefore need to be further 
considered.

Accordingly, the aim was to determine the recyclability of industri
ally representative woven fabrics containing blends of post-industrial 
process waste, post-consumer recycled wool waste and virgin wool. As 
is common in the industrial-scale manufacture of fabrics of this type, 
some samples also contained a small proportion of polyamide (PA) fibres 
in the blend. Source fabrics suitable for use in suiting were manufac
tured by Manteco (Italy), one of Europe’s largest recycled wool fabric 
producers and owners of the MWool® brand for recycled wool fibre 
content. In these woven suiting fabrics, the effects of woollen yarn and 
fabric manufacturing on mean fibre length and tensile properties was 
measured prior to and following mechanical recycling, to explore the 
influences on fibre properties. Potential for recycling more than once, as 
part of a closed loop process was then considered based on a modified 
recycling index.

2. Materials & methods

2.1. Wool fabrics

Woven wool suiting fabrics comprising blends of post-industrial and 
post-consumer recycled wool were supplied by Manteco, Italy, as sum
marised in Table 1. These fabrics were chosen for this study, as they are 
manufactured using the post-consumer recycled fibre investigated in the 
previous knitwear study as one of their fibre inputs [8]. The fabrics 
denoted F1 to F3, are representative of those typically produced by 
Manteco in their industrial fabric production process, and all comprised 
woven fabrics made of woollen yarns. Samples of the woollen warp and 
weft yarns used to make each fabric were also supplied, as well as the 
input fibre feedstocks: recycled knitwear and woven (post-consumer) 

Fig. 1. Blending Strategy for Closed-Loop Recycling of Wool. The black arrows represent the first manufacturing process with typical fibre inputs available (a, b, c). 
The blue arrows represent repeated closed-loop recycling steps (Rn), where virgin and recycled feedstocks are blended with waste wool in different (a, b, c, and d) 
proportions (%) to manufacture new fabrics with recycled fibre content.
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feedstocks, woollen spinning and cutting waste (post-industrial and 
process waste), virgin wool and PA fibre. The colour of each fabric was 
produced via the Recype® fibre blending process, which is achieved by 
sorting wool waste by colour, recycling the sorted batches, and blending 
the resulting fibre to achieve the desired shade [22]. In this way, the 
need for yarn or piece dyeing, and the resources required for dyeing, are 
eliminated. Owing to the sampling of test materials from large-scale 
commercial operations, it was not possible to receive greige or 
desized, unfinished fabric for analysis.

2.2. Mechanical recycling processes and methods

Mechanical recycling of each fabric sample in Table 1 was under
taken in an industrial setting by Manteco, Italy, using a lab-scale version 
of their MWool® production process, the details of which have been 
described previously [8]. To verify the comparability of results from the 
lab-scale and full-scale commercial MWool® process (Fig. 2), a sample 
of recycled fibre was taken from full-scale production, and differences in 
retained fibre length were measured and compared to the F1-F3 recycled 
samples.

2.3. Fibre sampling

For mean fibre length and fibre length distribution determinations, 
fibres were sampled from the initial feedstocks, yarns, fabrics, and me
chanically recycled outputs according to the recommendations in BS EN 
12751:1999. Fibres were selected from the beginning, middle, and end 
of each provided yarn sample. When sampling fibres from the woven 
fabrics, care was taken to extract equal numbers from both the warp and 
weft yarns, and from the face and back of the double-cloth fabrics. Five 
sampling zones were chosen to obtain the feedstock and recycled fibre 
samples, with the blending and halving performed manually.

2.4. Fibre length distribution measurements

Fibre length distribution measurements for each sample were ob
tained according to ISO 6989:1981 Method A, based on n = 100 fibres 
per sample. Details of this procedure have been described previously 
[8]. Fibre length distribution measurements and statistical analyses 

were carried out with Origin 2024b software.
To approximate pre-spun fibre blends comprising the input feed

stocks, 100 fibres from each sample were measured, and weighted fibre 
length averages were obtained based on the percentage fibre composi
tion (see Table 1) and considering the number of PA versus wool fibres 
per n = 100 sample (see Section 3.2) for the wool/PA blends. The mean 
fibre length of virgin wool was estimated using the overall average of 
virgin fibre lengths from previous work [8], and the knitted cutting 
waste mean fibre length was assumed to be equivalent to recycled post- 
consumer knitwear as they are similar structures, and mechanically 
recycled using the same process.

2.5. Fibre tensile testing

Fibres were sampled from the yarn, fabric, and recycled length- 
measured samples for F1 and F3, and tested according to BS EN ISO 
5079:2020, based on n = 25 fibres per sample. Owing to similarities 
between F1 and F2 regarding fabric weight, construction, density, and 
overall fibre content, F2 was not included in the tensile strength eval
uations. Measurements were made using a 20 mm gauge length and 20 
mm/min rate of extension. Pretension for each sample (before and after 
recycling) was calculated using the average diameter of the specimens 
and the density of non-medullated wool [23] and PA [24]. The average 
diameter of each specimen was determined by measuring the diameter 
at five locations along the length of the fibre and calculating the mean of 
those values. Fibre cross-sections for all specimens were assumed to be 
circular. Pretension values for the fibres taken from each sample were as 
follows: F1 (wool) = 6 mN, F1 (PA) = 3 mN, and F3 (wool) = 6 mN. The 
fibres were adhered to a test carrier card, but due to the natural crimp of 
wool fibres, the true gauge length was recalculated for each specimen as 
20 mm plus the crosshead distance travelled before the specified pre
tension was achieved. Representative averaged engineering stress-strain 
curves were created by selecting two tests from each sample, one closest 
to the mean stress at break, and the other closest to mean strain at break. 
These tests were selected due to variability in the tensile responses, with 
a small number of specimens exhibiting high stress but low strain, and 
vice versa. Unless a test failed to run properly, specimens were not 
excluded from the results so that a realistic understanding of the fibre 
properties could be achieved. Creating a mean tensile curve across all 

Table 1 
Industrially sourced woven fabric samples with recycled wool content.

Sample F1 F2 F2B F3

Fabric description Double cloth with PA binding yarn Double cloth with PA binding yarn and one brushed face Single layer cloth

Feedstock fibre composition 
(%)

73 % post-industrial recycled wool  
25 % virgin PA 

2 % post-consumer recycled wool

55 % post-consumer recycled wool  
23 % virgin PA 

16 % virgin wool 
6 % post-industrial recycled wool

84 % post-industrial recycled wool 
16 % virgin wool

Fabric structure 2 × 2 right-hand twill face and back 2 × 2 right-hand twill face and back 2 × 2 right-hand twill

Dyeing method Blend of coloured Recype® recycled 
fibre

Blend of coloured  
Recype® recycled fibre

Blend of coloured Recype® recycled 
fibre

Fabric 
finishing

Fulling, Raising, Calendering Fulling, Raising, 
Calendering

Fulling, Brushing, Raising, 
Calendering

Fulling, Brushing, Raising, 
Calendering

Weight (g/m2) 378 385 237
Density, yarns/cm2 

(warp x weft)
22 

(11 × 11)
23 

(12 × 11)
30 

(15 × 15)

Fabric*

* Scale bar = 2 mm.
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shared ranges of strain resulted in a very short curve that was not 
representative of the group, and so the two specimens closest to the 
mean stress and strain were chosen. The representative average curves 
of the yarn, fabric, and recycled samples were then graphed together for 
comparison.

3. Results & discussion

3.1. Retention of fibre length following mechanical recycling

Table 2 and Fig. 2 report the mean fibre length results for each 

Fig. 2. Changes in the Mean Fibre Lengths and Fibre Length Distributions at the Fibre, Yarn, Fabric, and Recycled Manufacturing Stages for Woven Fabrics con
taining Recycled Wool.

Table 2 
Summary of initial and residual fibre length results and mean fibre length retention before and after mechanical recycling for all fabrics.

Mean Fibre Length [SD], mm Mean Fibre Length Retention, %

Sample Fibre Yarn Fabric Recycled Fibre to Yarn Yarn to Fabric Fabric to Recycled Overall (Fibre to Recycled)

F1 45.6 [5.1] 44.7 [14.5] 26.3 [12.4] 25.5 [12.2] 98.1 58.7* 97.3 56.0*
F2 45.2 [4.9] 42.9 [14.0] 35.1 [13.4] 24.3 [10.0] 94.9 81.9* 69.1* 53.7*

F2B 33.2 [13.1] 77.3* 73.2*
F3 41.7 [10.2] 36.2 [14.5] 26.3 [9.5] 25.3 [9.7] 86.7* 72.7* 96.3 60.7*

* Significant difference, p < 0.005.
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sample, and their accompanying fibre length distributions. For F1 and 
F2, both with PA content, no significant difference was observed in fibre 
length between the fibre and yarn stages (see Table 2 for P-values). As 
indicated in Section 3.2, though the proportion of PA in both fabrics is 
23–25 % by weight, a greater number of PA fibres are present because of 
their lower linear density (nominally 3.3 dtex) compared to the wool 
fibres (8.4 dtex). This is highlighted when comparing the fibre length 
distributions for F1 and F2, where a large peak at 40–50 mm is observed, 
corresponding to the PA mean fibre length of 47.6 ± 5.5 mm. There is a 
significant difference in fibre length observed in F3 between the fibre 
and yarn stages, suggesting that the carding process impacts the recycled 
wool fibres more than the virgin PA.

Interestingly, for every sample there was a marked difference in 
measured fibre length between the yarn and fabric stages. This degree of 
difference is unexpected, and due to the unavailability of greige or un
finished fabrics, it is not possible to ascertain where exactly this 
reduction in fibre length occurred. It is likely to be influenced by the 
finishing steps routinely used in wool fabric production, particularly 
brushing or raising, that involve frictional forces applied to the fabric 
surface. For example raising, intended to modulate woven fabric soft
ness and tactile properties by creating a fibrous pile or textured surface 
on the fabric, is achieved by passing the fabric over rotating abrasive 
clothed rollers [25]. This step is often followed by shearing, where 
raised fibres on the surface are cut to a uniform height.

Samples F2B and F3 both underwent an additional brushing stage to 
further consolidate the fabric structure, with the aim of enhancing 
abrasion resistance and physical durability. Owing to differences in fibre 
blends and fabric construction (double vs. single), the influence of 
brushing on fibre length between fabrics cannot be reliably compared. 
However, it is instructive to consider sample F2, where one side of the 
fabric was brushed, and the other was not. A small difference in the fibre 
length between the brushed and unbrushed sides of the fabric is evident, 
although the difference is not statistically significant (p = 0.69). 
Therefore, brushing is one of the potential contributors to fibre 
breakage, but the effects of other finishing steps need to be further 
explored.

Regarding the retained fibre length after the fabrics were mechani
cally recycled, samples F1 and F3, both with fabric fibre lengths of ca. 
25 mm, were not significantly different, whereas sample F2, with a 
fabric fibre length of ca. 33–35 mm did show a significant difference. 
When the mean fibre length retention values are plotted as a function of 
the mean initial fibre length, a strong linear relationship is observed 
(Pearson correlation coefficient, r = − 1). This was similarly observed in 
the recycling of post-consumer wool knitwear, however the rate of 
change is greater for woven fabrics with a slope of − 3.22 versus − 0.68 
[8]. This increased rate of change could be due to the higher twist yarns 

used in woven fabrics, higher bulk density, and the consolidation of the 
fabric structure during fabric finishing, e.g. fulling. Note that all three 
samples achieved a mean recycled fibre length of 25.0 ± 0.64 mm, 
similar to the previously observed trend in recycled wool knitwear, 
though at a longer mean fibre length of 34.9 ± 8.6 mm [8]. As with wool 
knitwear, this trend towards a similar recycled mean fibre length be
tween samples is likely due to machine settings, e.g. short fibre extrac
tion or the distance between the feed rollers and the pinned roller, and 
requires further investigation.

Finally, when the mean recycled fibre length measurements of F1–3 
are compared to a sample of recycled (shredded) fabric taken from full- 
scale production, the mean fibre lengths are not significantly different 
(p > 0.05, see Fig. 3). This demonstrates that the observed effects on 
fibres at the lab-scale are comparable to those in the full-scale industrial 
process.

3.2. Fibre tensile strength

Fibre tensile properties are important to produce serviceable yarns 
and fabrics, so it is important to understand how mechanical recycling 
affects these properties when woven suiting fabrics containing recycled 
wool undergo mechanical recycling. Previous investigations into 100 % 
wool knitwear showed insignificant changes in both the stress and strain 
of the fibres after mechanical recycling [8], but it is not known whether 
mechanical recycling of woven fabrics containing already recycled wool 
fibre leads to similar findings. In Tables 3 and 4 the separated and 
combined results for the wool and PA fibre components in sample F1 are 
reported.

In Tables 3 and 4, sample F1 shows no significant differences (see 
tables for P-values) in fibre stress at break between the yarn, fabric, or 
recycled stages, though it should be noted that the (in)significance of the 
differences for the PA fibre were borderline from yarn to fabric (p =
0.051) and from fabric to recycled (p = 0.079). There is, however, a 
significant decrease in strain at break from yarn to fabric, with further 
decreases after recycling, though not significant at that stage. This 
contributes to an overall 58.2 % decrease in strain at break for the PA 
fibres, while there is no significant impact on the wool fibres. The dif
ference in the PA results account for the overall significant decrease in 
strain at break for the combined values of wool and PA, especially given 
the number of PA fibre specimens relative to wool in the sample. It is 
possible that the tensile and frictional forces the fibres were exposed to 
during finishing and recycling slightly increased the stiffness of the PA 
fibres, however more investigation is needed to determine the exact 
cause. In Fig. 4, the wool and PA fibre stress-strain curves of the fabric 
and recycled samples are noticeably different from fibres in the yarn, 
with a steeper initial modulus and higher stress at break. The mean 

Fig. 3. Comparison of the Mean Recycled Fibre Lengths of Industrially Recycled Woven Wool Fabrics (left) and Lab-Recycled Woven Fabric Samples (F1-F3).
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diameter of the PA fibres decreased with each manufacturing step, 
though not significantly, from 24.2 μm (yarn) to 21.7 μm (fabric) to 20.5 
μm (recycled), which is suggestive of fibre extension beyond the yield 
point and a drawing effect.

A significant decrease in both the fibre tensile stress and strain from 
yarn to fabric was observed for Sample F3, though for strain p = 0.048, 
which is why the overall difference is not significant, and there was no 
change from the fabric to the recycled stages. While no significant dif
ferences in fibre tensile behaviour were detected when mechanically 
recycling post-consumer wool knitwear [8], the lower twist yarns and 
lower density of knitted fabrics (compared to mechanically finished 
woven fabrics studied herein) likely contributed. Sample F3, while made 
of 100 % wool, is a woven structure with high twist yarns (compared to 
those typically found in wool knitwear), and predominantly comprised 
recycled wool (84 %). While wool fibre is remarkably elastic, even 
beyond the yield point [26], reduced elastic recovery may be expected 
with each extension imposed by repeated mechanical processing, which 
would affect the stress-strain response [27]. The tensile and frictional 
forces applied during the recycling process would be expected to lead to 
fibre breakage, however the largest contributor to both fibre shortening 
and reduced tensile strength occurred between the yarn and finished 
fabric stages. Whether this is due to the greater proportion of recycled 
content in the fabric, or the potential for the single layer construction to 
be less resilient to applied forces in finishing, requires further 
investigation.

3.3. Additional closed-loop recycling potential

When investigating the mechanical recyclability of post-consumer 
wool knitwear, no significant change in fibre tensile properties was 
observed in the process [8] and so was omitted from the recyclability 
index used to determine potential for recycling more than once (RK, Eq. 
(1)). However, when recycling woven fabrics containing recycled wool, 
differences in fibre tensile properties were observed between 
manufacturing stages, and so this is accounted for in Eq. (2) (RW). In 
these equations, 0.98 is the recycling efficiency as reported by the 

manufacturer [15], Lr is the recycled mean fibre length, and Lf is the 
fabric fibre length. In Eq. (2), σr and σf are the mean stress at break for 
recycled and fabric fibres respectively, and εr and εf are the mean strain 
at break for recycled and fabric fibres. The R-Index is calculated for the 
mechanical recycling process only, as shown in Table 5. While tensile 
tests were not performed on the F2 samples, the fabric weight, con
struction, density, and overall fibre content is similar to sample F1 and 
the fibre tensile results are assumed to be the same for the purposes of 
this analysis. 

RK = 0.98*
Lr

Lf
(1) 

RW = 0.98*
Lr

Lf
*

σr

σf
*

εr

εf
(2) 

If, however, the entire production process is considered, including 
the production efficiency (fibre yield), fibre length changes, and fibre 
tensile property changes from the beginning, i.e. from the input fibre 
stage onwards, the R-Index better reflects the industrial system. 
Accordingly, in Eq. (3) (RM), the remanufacturing production efficiency 
value of 0.69 is included to account for average fibre mass loss by 
multiplying the proportions of fibre retained during the carding (90 %), 
spinning (91 %), warping/weaving (93 %), and finishing (90 %) steps 
[15]. Lf is replaced with Li for the initial fibre length before spinning into 
yarns, and σf and εf (fabric) are replaced with σy and εy (yarn). Here, it is 
assumed that fibre tensile properties from the fibre to yarn stages remain 
unchanged. 

RM = 0.69*0.98*
Lr

Li
*

σr

σy
*

εr

εy
(3) 

Interestingly, while woven wool fabrics are largely thought to be 
more difficult to mechanically recycle than knitted fabrics because of 
their dense construction, and the likelihood of fibre breakage, the spread 
of recycling-only RW values for F1–3 (0.62–1.04) largely overlap with 
the RK values for S1–6 (0.35–0.96) from the previous recycled knitwear 
study [8], even with the added tensile variables. While comparable RM 

Table 3 
Summary of fibre tensile stress at break results for samples F1 and F3 after each stage of production.

Mean Fibre Engineering Stress at Break [SD], MPa Mean Fibre Engineering Stress at Break Retained, %

Sample Fibre Type Yarn Fabric Recycled Yarn to Fabric Fabric to Recycled Overall (Yarn to Recycled)

F1
Wool 109.1a [47.2] 139.2b [39.6] 121.5b [26.6] 128 87.2 111
PA 329.3c [82.9] 400.4d [84.4] 335.1c [101.4] 122 83.7 102

Combined 267.6 [124.9] 337.7 [136.5] 281.7 [129.2] 126 83.4 105
F3 Wool 140.9 [39.2] 105.7 [25.2] 114.6 [32.6] 75.0* 108 81.3*

a n = 7.
b n = 6.
c n = 18.
d n = 19.
* Significant difference, p < 0.05.

Table 4 
Summary of fibre strain at break for samples F1 and F3 after each stage of production.

Mean Fibre Engineering Strain at Break [SD] Mean Fibre Engineering Strain at Break Retained, %

Sample Fibre Type Yarn Fabric Recycled Yarn to Fabric Fabric to Recycled Overall (Yarn to Recycled)

F1
Wool 0.22a [0.12] 0.32b [0.15] 0.24b [0.18] 142 77.2 110
PA 0.45c [0.13] 0.34d [0.12] 0.26c [0.08] 74.8* 77.8 58.2*

Combined 0.39 [0.16] 0.33 [0.13] 0.26 [0.11] 85.9 77.6 66.7*
F3 Wool 0.26 [0.12] 0.16 [0.13] 0.17 [0.14] 64.4* 102 65.7

a n = 7.
b n = 6.
c n = 18.
d n = 19.
* Significant difference, p < 0.05.
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data is not available for post-consumer knitwear materials, it is logical to 
expect the RM value to be somewhat higher for knitted fabrics because 
the finishing treatment will differ from those involved herein for woven 
fabrics.

Next, an estimate of retained fibre length was made, if the recycled 
fibre from the woven fabric was to be converted into woven fabric again, 
and then mechanically recycled again. To predict the “re-recycled” fibre 
length, Lr was plotted as a function of Li to calculate a new linear rela
tionship (r = − 0.90) representing fibre length retention across all 
manufacturing steps from the input fibre to after mechanical recycling. 
Accordingly, Eq. (4) accounts for the M variable that was used in the 
knitwear analysis to represent fibre length loss in fabric remanufacture, 
and Lrn is the predicted fibre length after the nth number of recycling and 
remanufacturing cycles.

Finally, the R-Index RMn is calculated for these repeated mechanical 
recycling and remanufacturing cycles, with a minimum spinnable fibre 

length parameter (for woollen spinning) of 20 mm (Eq. (5)). This 
parameter was also applied in the knitwear analysis and so avoids 
artificial increases in the calculated values due to proportional increases 
in retained fibre length as the pre-recycling lengths become shorter. 

Lrn = Lr(n− 1)*
(
128.59 − 1.63*Lr(n− 1)

)/
100 (4) 

RMn = 0.69*0.98*
Lrn

Li
*

σr

σy
*

εr

εy
* −

(

1 −
Lrn

20

)

(5) 

Fig. 5 shows that if no additional recycled or virgin fibres are added 
as part of the remanufacturing process to supplement the MWool® 
recycled fibre, each batch of mechanically recycled fibre from the woven 
fabrics could be recycled at least one more time, before the fibre length 
is too short to be compatible with the woollen yarn production system 
and must therefore be diverted to other end-uses or waste streams. Note 
however, that blending with fibre from virgin, post-consumer, post-in
dustrial, and process waste feedstocks would usually occur in industrial 
settings, (see Fig. 1) with the potential to extend the usable life of the 
wool recyclate even further.

4. Conclusions

The challenge of mechanically recycling woven apparel fabrics that 
already contain recycled wool, is different from recycling post-consumer 
wool knitwear, because they have a denser fabric structure, contain 

Fig. 4. Representative Tensile Stress-Strain Curves for Fibres at Different Stages of Production: Yarn (black), Fabric (red) and Recycled (blue). F1 is the top row (wool 
left, PA right), F3 is the bottom (100 % wool).

Table 5 
Recyclability index (R) values for woven wool fabric containing recycled wool 
fibre, after mechanical recycling.

Sample RW: Recycling of the Woven Fabric 
(Eq. (2))

RM: Recycling Plus Remanufacture 
(Eq. (3))

F1 0.62 0.42
F2 0.77 0.53
F3 1.04 0.72
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higher twist yarns and undergo different finishing processes, which 
means fibre breakage is more likely. When processing recycled wool 
fibre into new woollen yarns and woven apparel fabrics, substantial 
fibre breakage occurs, especially during fabric finishing, e.g. brushing 
and raising. The reduction in mean fibre length at this stage can even 
exceed the fibre breakage observed after mechanical recycling. Despite 
the obvious construction differences between knitted and woven fabrics 
made of wool, the recycling-only R-Indices are comparable for both, 
suggesting that the trend towards a similar recycled mean fibre length is 
likely due to recycling machine settings. Owing to the observed 
breakage of recycled fibres during woven fabric finishing (e.g. due to 
brushing and raising), and the increased consolidation (e.g. due to 
fulling), the potential for multi-recyclability is lower for woven wool 
fabrics than for wool knitwear. However, for wool fabrics that already 
contain mechanically recycled MWool® fibre, there is potential for at 
least one additional closed-loop cycle before it is necessary to divert the 
recyclate to other end-uses or waste streams. These findings demonstrate 
the potential for fabric finishing processes, e.g. fulling, brushing or 
raising and calendering to modulate residual fibre length after me
chanical recycling, and highlight the importance of careful selection of 
process sequences and settings to extend the recyclability of wool fibres.
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