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Introduction and background. Washing is one essential process in textiles and clothing
lifespan which has a significant impact on restoring functionality (Easter et al., 2013; Kotb,
2012). Textile washability represents the ability of textiles to withstand washing without losing
its functionality (Textile Adviser, 2019). Dimensional stability is one of the most important
components of washability which refers to textiles’ capability to resist a change in their
dimensions during the washing cycles (Topalbekiroglu & Kiibra Kaynak, 2008). Textiles with
poor dimensional stability may exhibit their shrinkage or growth (Collier & Epps, 1999), which
greatly affects fit, appearance, and comfort of the final textile product (Kadolph, 1998).

For the past decades, 3D printing (3DP) has attracted great attentions from both academia
and industry. Fused deposition modeling (FDM) 3DP method is one of the most commonly used
techniques for the 3D printed wearable product development (Spahiu et al., 2020; Uysal &
Stubbs, 2019). With the use of novel thermoplastic polyurethane (TPU) filaments, designers can
develop flexible 3D printed textiles with similar properties to traditional textiles (Melnikova et
al., 2014). For example, Lee and Li (2022) developed a 3D printed dress with 3D printed layered
textiles by using an FDM 3D printer with TPU filaments. Despite this new 3D printed textile
development effort, washability of flexible 3D printed textiles has not been fully examined. TPU
is a moisture sensitive filament and is greatly affected by the water in production and use
(Add:North, 2022), which may result in weight changes of flexible 3D printed textiles and affect
comfort of the final wearable product. No previous studies were identified to investigate the
weight change of flexible 3D printed textiles with TPU filaments in the washing process. Thus,
we aimed to explore washability of flexible 3D printed textiles with different textile structures.
The specific objectives were to: (a) investigate the dimensional stability of different flexible 3D
printed textiles lengthwise and widthwise in the washing and drying process and (b) examine the
weight change of various flexible 3D printed textiles after being washed.

Method. An experimental research design, consisting of 3 (flexible 3D printed textile
samples) x 6 (wash and dry cycle) x 3 (repetition), was conducted. The sample development
procedure was followed by Lee and Li’s (2022) 3D printed textile development method. All 3D
printed textiles with different structures (S1 to S3) were developed and prototyped using an FDM
3D printer with TPU filaments. Re-entrant honeycomb auxetic structure (S1), star-shaped auxetic
structure (S2), and plain weave woven structure (S3) were purposely selected for the sample
development. Each sample has an identical size of 10” x 10 with two pairs of 3D printed
cylinder benchmarks parallel to the length and width which have a 2.5 distance from all the
edges.

The AATCC TM135 testing method (AATCC, 2021) was used to evaluate the

dimensional stability of 3D printed samples. A top-loaded portable washing machine with a
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normal washing condition of 16-minute washing time and cold washing temperature (74 F) was
used. The flat dry method was adopted to dry each of the samples. The distance between each
pair of benchmarks was measured after each wash and dry cycle with a digital caliper to
determine the average dimensional change (DC). The DC was calculated using the formula, DC
= [Average Original Dimension — Average Dimension After Laundering] / Average Original
Dimension x 100%, ranging from 0% to 100%. The negative and positive DC values represent
shrinkage and growth, respectively. The original weight of each sample and the weight after each
wash and dry cycle were also measured with a high precision digital scale. SPSS 26 was used for
statistical analysis at p < .05. A mixed factorial ANOVA was used to determine the significant
difference of DC in length and width directions among the three samples. A repeated measures
ANOVA was used to examine the weight change of the three samples after being washed.

Results and discussion. To determine the dimensional stability of flexible 3D printed
textiles, the DC of length and width for the three samples after six wash and dry cycles were
calculated. In terms of the textile length, the DC indicated that all samples exhibited shrinkage
(DCS1 =-0.7; DCS2 = -0.6; DCS3 = -0.3). For the textile width, S1 and S3 exhibited shrinkage
(DCS1 =-1.1; DCS3 =-0.4), but S2 showcased growth (DCS2 = 1.0). The F-test in mixed
factorial ANOVA revealed no statistical significance of all three samples on lengthwise
shrinkage (F(2,6) = 2.71, p = .145) and the two samples on widthwise shrinkage (F(1,4) =5.5, p
=.079). The results demonstrated that S1, S2, and S3 have similar lengthwise shrinkages at
different wash and dry cycles; S1 and S3 have similar widthwise shrinkages at different wash
and dry cycles. The F-test in repeated measures ANOVA also revealed no statistical difference
of the weight change between different wash and dry cycles: S1 (F(6,12) = 1.00, p = .47), S2
(F(6,12) = 1.43, p = .28), and S3 (F(6,12) = 1.00, p = .47). The results demonstrated that all 3D
printed samples with TPU filaments in this study did not exhibit significant weight changes after
being washed.

Unlike traditional textiles, dimensional changes occurred in the flexible 3D printed textile
samples because of the special elastomeric property of 3DP materials. TPU is a linear segmented
block copolymer consisting of soft segments which are built upon a polyol and an isocyanate to
equip flexible and elastomeric characteristics (Omnexux, n.d.). The unique stretchable feature of
TPU might cause dimensional changes in flexible 3D printed textiles. Both 3D printed textiles
with re-entrant honeycomb auxetic structure and plain weave woven structure (S1 and S3)
exhibited lengthwise and widthwise shrinkages. However, the textile with star-shaped auxetic
structure (S2) presented shrinkage only in one direction, which might be because of the four-way
stretchability in star-shaped auxetic structure, allowing textiles to be stretched easily in all four
directions. The circular motion of the portable washing machine also might apply inconsistent
inward forces to this 3D printed textile (S2) in two directions and cause the opposite direction of
dimensional changes. Furthermore, all 3D printed samples in this study showcased a fast-drying
speed and dried in less than 5 minutes at the 72F room temperature without a spinning process.

Conclusion. This experimental study explored washability of flexible 3D printed textiles
by measuring and evaluating dimensional and weight changes. The results presented that all 3D

printed textiles with re-entrant honeycomb auxetic structure (S1), star-shaped auxetic structure
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(S2), and plain weave woven structure (S3) had dimensional changes after being washed. The
findings provide insights for designers and manufacturers to manipulate flexible 3D printed
textiles with the estimation of dimensional changes before manufacturing 3D printed textiles.
The weight of flexible 3D printed textiles was not affected by washing and drying, which
convinces the suitability of 3D printed textiles for the wearable product development. The fast
drying speed of 3D printed flexible textiles also proves the potential of adopting 3DP in wearable
product design for simplifying the laundry process and extending the product lifespan.

This study only examined washability of flexible 3D printed textiles with limited textile
structures with TPU filaments. In future studies, researchers need to investigate washability of
3D printed textiles with different textile structures using various 3DP materials. No detergent
was used during the washing cycles in this study. It is recommended for future researchers to
explore the influence of various detergents on flexible 3D printed textiles’ washability. Only
dimensional and weight changes were evaluated in this study. Other components of washability
such as colorfastness, abrasion resistance, and seam strength need to be further examined for the
true implementation of flexible 3D printed textiles in the wearable product development.
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