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Evaluating Degrees of
“Softness” in
Therapeutic Systems
of Knitted Wearable
Technology with
Brain Injury Survivors

Laura J Salisbury

ABSTRACT Wearable energy harvesting methods
have been increasingly researched over the past decade.
Due to demands for finding suitable ways of powering
wearable devices suited to garment contexts, yarn-
based “components” gather increasing interest.
However, the focus of textile properties of energy har-
vesting components often place emphasis on functional
performance and limited elements concerning wearabil-
ity; using terms such as “flexible”, “breathable” and
“wearable”. Rarely, is there consideration for degrees of
“comfort”, and “softness”. Yet, if such methods are to
become integrated into wearable garments and worn on
a daily basis, or even in niche contexts, the tactile
experience requires attention. To address this, the fol-
lowing research details an exploration of softness of a
polyvinylidene fluoride (PVDF) yarn-based energy harvest-
ing method, amongst brain injury survivors where
degrees of sensitivity can vary to extremes; accruing
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either reduced or heightened levels of sensitivity as a result of
stroke, for example. Levels of softness have been defined and
quantified from earlier samples responded to by stroke survivors.
This has been formed into a chart and used in reference within
the development process to refine and detail the methods used
to improve the quality of softness in the process of knitting. In
contexts, such as the knit lab, participant presence can be lim-
ited, yet feedback, especially on subjective matters such as soft-
ness, is critical to the development process. The method
presented of grading softness in accordance with previous sam-
ples is seen to aid the researcher to analyse samples made in
situ, within an iterative process of development. The paper
focuses on providing conversations around technical data within
the knit process to deliver soft and wearable energy harvesting
textiles. This forms a part of a wider body of PhD research that
explores the use of piezoelectric theory as a technological tool for
recovery of upper limb deficits for stroke survivors.

KEYWORDS: Wearable technology, energy harvesting, textiles, inclu-
sive design, soft

Introduction
Currently, a vast amount of research is directed towards the develop-
ment of energy harvesting yarns for powering wearable technology
(Hammock et al., 2013; Wan and Bowen 2017; Yaqoob et al., 2017;
Paosangthong et al., 2019). In terms of harvesting mechanical energy
using piezoelectricity, which this paper will focus on, materials such
as PVDF (Hadimani et al., 2013; Yan et al., 2019), as well as lead
zirconate titanate (PZT) (Ounaies et al., 2008; Chou et al., 2018) have
been extensively investigated in studies. Attempts of integrating
energy harvesting components into wearables is increasing; Shenck
and Paradiso (2001) combines both PVDF and PZT within a shoe to
power a low energy device and Granstrom et al. (2007) embedded
piezoelectric PVDF films into the straps of backpacks to name but a
few. Aside from output performance, there exists limitations in terms
of the material form, flexibility and methods of manufacture which are
regularly presented in studies as key barriers towards the compatibil-
ity of use of energy harvesting methods within garments. Beyond
this, properties which contribute towards degrees of “softness” and
“comfort” have been underexplored.

Within the textile industry, “softness” is highly valued, since this is
a trait which holds considerable influence on the “wearability” of a
garment as a direct result on levels of comfort during wear. Notably,
the finishing and aftercare of a garment typically involves the use of
softeners; “[They] are the most important global textile finishing
chemicals in terms of value and amount [used]” (Choudhury, 2017).
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However, within energy harvesting studies, it is often difficult to under-
stand the handle and degree of softness that the samples hold. Greater
emphasis is often placed on the output performance and other properties
that contribute to “wearability”; flexibility, porosity/breathability and stretch
for example. Where such properties contribute to “softness” and
“comfort”, the data isn’t brought together, nor does it take into consider-
ation subjective perspectives of perceived levels of “softness” and
“comfort” by the intended wearers, not just by the researcher themselves.
This is important, since the tactile experience can vary quite dramatically
between different groups of people with different lived experiences.

This paper will embark on exploring methods of evaluating “softness”
of samples developed with brain injury survivors. Following a stroke, “one
in two stroke survivors experience impairment in touch sensation”
(Goodin et al., 2018). This may be in terms of reduced or enhanced sen-
sation. The tactile experience was integral to understand when develop-
ing a textile based “medical device” within the wider study that this paper
fits within. Although this presents participants with more extreme experi-
ences of sensation than others, in terms of Inclusive Design principles, it
is considered that the study can be useful for wider groups of individuals
that do not face the same experiences. Myerson (2010) explains that, by
catering for “extremes”, or marginalised groups of individuals, this
encompasses wider considerations that automatically include other
“everyday” considerations that are suited to the “mainstream”.

An importance is placed on accounts collected through anthropo-
logical studies of individual experience. Placing the voice of the par-
ticipants directly within the text illustrates the conversation beyond
where the author and scholars from the literature “speak for” them
(Spivak, 1988). Details of individual medical history and levels of sen-
sory perception are not included for the purposes of strict anonymity.
Levels of sensitivity were considered in so much as, data from partic-
ipants with extreme heightened degrees of sensitivity were grouped
and cross-referenced against those with “normal” or reduced
degrees of sensitivity. Heightened sensitivity was prioritised and
guided the “Grading Chart” (as detailed in Grading “Softness”/Technical
Investigations and Discussion Methods section) in the most part,
since levels of “roughness” and/or “discomfort” are less likely to be toler-
ated in this group versus the other two groups of participants, meaning
the benchmark for wearability was increased, but in a way that would
mean the garment is more inclusive.

The paper will begin by providing a context to the paper
(“Background” section):

Firstly, in terms of current developments of energy harvesting
materials (“Energy Harvesting: A context” section), focusing on
material behaviour;

Secondly, by defining “softness” and “comfort” (“Understanding
“Softness” section), drawing upon the underlying theory and
methods to do so;
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Thirdly, providing context to methods of “measuring softness”
(“Measuring Softness” section);

Fourthly, providing perspective of the studies within the paper
(“Perspective and Focus of Study” section).

Following this, the paper will proceed to outline the technical
investigations, introducing the methods (“Sampling” section), results
(“Results” section) and discussion (“Findings and Discussion” sec-
tion); before concluding the paper (“Conclusion” section).

The purpose of this paper is not to extensively explore what soft-
ness is or how we calculate it, since this exists in numerous areas of
the literature (Lindberg et al., 1961; Peirce,1930) but rather to dem-
onstrate how we can manipulate levels of softness for integrating
suitably wearable energy harvesting components.

Background
Energy Harvesting: A Context

The development of energy harvesting textiles can be achieved in
numerous ways; overall, this either involves constructing non-woven
new materials (Chou et al., 2018), functionalizing textiles (Almusallam
et al., 2017; Dong et al., 2017) or individual yarns (Li et al., 2014; Kim
et al. 2017). Often, studies demonstrating non-woven new materials
present rubbery matrices which are synonymously difficult to inte-
grate within a garment and indeed, within garment manufacturing
processes. Although the aim of these respective studies succeed in
creating a flexible material from typically brittle PZT, (which has bene-
fits in having a high piezoelectric activity, low Young’s modulus and
flexibility), the placement of the resulting material is often better posi-
tioned within footwear (i.e. soles of shoes, where rubber typically
exists), accessories and in some cases, fastenings/embellishments.
However, further limitations exist in the connection of such
“components”, if placed in a shoe, to power components embedded
within the garment. Without wireless solutions of connecting footwear
to the garment via textile antenna and rectenna (Ibanez-Labiano et
al., 2020) for example, this method is less suited for the pursuit of
mainstream wearable technology.

Methods of functionalizing textiles and individual yarns have been
increasingly explored in order to incorporate energy harvesting prop-
erties directly into existing textile manufacturing processes and form
materials with complimentary behaviours to that of existing textiles
used in garment construction. Printing energy harvesting materials
onto textiles via screen printing methods, presents one option
(Almusallam et al., 2017). Lamination methods have also been used
in studies (Shi and Beeby, 2019) to convert existing textiles into fer-
roelectrets. In a similar manner to printing of piezoelectric inks onto
existing textiles, this method of lamination changes the textile behav-
iour; creating stiffer, although smooth, structure on the body, which
influences garment identity and therefore the choice to wear or to not

Evaluating Degrees of “Softness” in Therapeutic Systems
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wear. Aside from the change in handle of the textile, the benefit of
the screen printing method presents opportunities to apply piezoelec-
tric ink anywhere (where levels of porosity permit) on the garment,
pre or post production.

Further methods provide an opportunity to create garments with
energy harvesting capabilities, in ways in which vast styles of textiles
and therefore garments have been created for centuries (Kamiya et
al. 2000); via traditional weave and knitting techniques. As an alterna-
tive to piezoelectricity, triboelectric properties can be utilised, com-
bining “positive” and “negative” textiles with opposing charges;
Paosangthong et al (2019) utilise nylon and PVC, a somewhat familiar
tactile experience. Other studies explore the use of existing yarns
(e.g. nylon) to create dielectric layers (Yu et al., 2017) within yarns via
methods of twisting, or coating layers of piezoelectric materials to
construct fully integrated yarns that may be assimilated into the con-
struction of many varieties of textiles (Almusallam et al., 2017).
Alternatively, the textile itself may consist of multiple functional yarn
types to create a textile-based triboelectric or piezoelectric structure
(Zhao et al., 2016; Dong et al., 2017). Yet where smooth encapsula-
tion layers are often required to protect the material components, the
limited “fibrous nature” and torque of such yarns restricts the level/
diversity of “softness” that can be achieved. This may, in turn, limit
the diversity of textile and garment types.

Consideration for how yarns can be combined with other more
fibrous yarns within the textile is useful in this instance, whilst advan-
ces in material science rethink how such yarns may be created.

It should be finally noted that the textile structure of such
“components” has a direct impact on output performance, influenc-
ing yarn contact (Dong et al. 2017). In a comparative study between
single bed (10% stretch¼ 0.9 V/0.07 lA), double bed (20%
stretch¼ 2.4 V/0.20 lA), and 2� 1 rib structure (30% stretch¼ 5.3 V/
0.29 lA), Kwak et al. (2017) demonstrate the importance of stretch
on the functional performance of the device. The stretch percentage
is influenced by the space surrounding the yarns and therefore the
level of yarn density (manipulable by altering stitch length and ten-
sion), since for both the piezoelectric and triboelectric effect to take
place, there needs to be a cyclic presence of both applied strain
and/or contact between the yarns as well as a release of this strain
and/or contact, respectively. However, generating high stretch with
looser tensions can have negative consequences on the surface tex-
ture and degrees of comfort. The following studies presented within
this paper show from a technical textile perspective, how this may
happen and how this can be alleviated.

Understanding “Softness”

The tactile property of a textile can be defined by numerous charac-
teristics (Figure 1), one of which is softness (Kilinc-Balci 2011).
Softness or soft, an adjective, meaning to have a smooth surface or
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texture, has been defined by researchers in numerous ways; through
associations with hysteresis, tensile properties, and shear stiffness
(Abbott, 1951; Bishop, 1996; 1997; 2008; Sun, 2018); via compres-
sive qualities (Elder et al., 1984) or via a direct comparison to bending
length (Peirce, 1930).

We may consider the term soft within a wider term; that of
“comfort”; a property which depends largely on softness (Choudhury,
2017). There exists an interconnected range of variables which cor-
respond to, and determine one another. The handle of a textile is
determined by softness, for example, as well as other factors includ-
ing twist, count, friction, flexural rigidity, stiffness and “hairiness”
(Peirce, 1930; Li and Wong, 2006).

Various types of “soft” can be expressed including “supple,
smooth” properties exhibited by silks, for example. Or by combining
“a springy property” experienced during the compression of the tex-
tile, along with a “thickness” and “a warm feeling” (Kawabata, 1980)
relating to, for example, more fibrous cashmeres or mohairs. As
such, the influence of softness does not solely impact comfort but
also, the physical appearance of the garment via yarn type, and
therefore expression of diversity in garment type. The incorporation of
energy harvesting yarns into textiles with other yarn combinations will
therefore impact the sensory expression of the garment type.

Furthermore, the development of yarn-based energy harvesting
components challenges typical roles of garments as adornment. The
“body” is no longer solely seen as a “passive surface inscribed by
various forms” and thus for “social performances” (Goffman, 1959;
Bovone and Mora, 1997; Finkelstein, 2007). Rather, the correspond-
ence held between garment and self becomes more complex, with
additional “purpose”. The purpose that the garment typically holds
becomes entangled with another: identity is intertwined with generat-
ing power and therefore becomes obscured. Where it is not the pur-
pose of this paper to attend to this, it is important to note how this
may impact behaviour and perception of the garment (in comparison
to garments which don’t hold this function); a factor which may influ-
ence the evaluation of degrees of softness by the participants. The

Figure 1
A summary of the sensations related to fabric properties and the relevant skin
receptors within a textile: body dialogue (Influenced by literature: Peirce, 1930;

Lindberg et al., 1961).
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function of the textile was purposely withheld during the tactile evalu-
ation process (“Technical Investigations and Discussion” section).

It is recognised that ranges of physiological factors (e.g. heart
rate) expressed by the individual experiencing the textile, contributes
to feelings of “comfort” and sensations such as “softness”
(Alagirusamy, 2010). This is influenced by wider factors such as envir-
onmental conditions and behaviour influencing types, rates and
extents of body movements. Figure 1 summarises the correspond-
ence between the body, sensations and fabric properties.

The following definitions of “softness” and “comfort”, formed from lit-
erature and participant discussions, are used to broadly introduce the
terms:

Softness

Related to flexibility, compression and/or to smoothness, quantifi-
able by a range of experimental tools. Perceived softness is con-
text dependent, an individual experience that can differ from
person-to-person; influenced by body conditions as much as the
textile, albeit largely by the aforementioned textile properties.

Comfort

A feeling absent of pain/discomfort generated and dependent upon
the following factors: (a) “Climatic variables” externally (from the envir-
onment), internally (from the wearer), and the space between the tex-
tile and body. These include temperature, humidity and airflow; (b)
“Textile properties” including stretch, porosity, compression; (c)
“Emotional and physical state of the wearer” which encompasses
context (including health) and mood-depended experiences.

Measuring softness

Within the literature, “fabric prickle”, “softness”, “stiffness” and
“roughness” are all evaluated with different methods. “Fabric prickle”
as a result of fibers protruding from fabric surfaces, may be tested
via low-pressure compression using a Kawabata Evaluation System
for Fabrics (KES-FB) compression tester, laser-counting, or audio-
pick up methods (Matsudaira et al., 1990). Softness is regularly quan-
tified by compression measurements in the literature. Therefore an
Instron Tensile Tester with 1 kN load cell may be used to assess
degrees of compression (Elder et al., 1984). Stiffness, a characteristic
associated with flexural rigidity, may be quantified using bending-hys-
teresis measurements via, for example, a Shirley Cyclic Bending
Tester (Elder et al., 1985). Roughness may be defined in accordance
with the size of surface irregularities, or by friction coefficients
(Behmann, 1990), which equally defines levels of smoothness.

However, in all examples, subjective evaluations via methods such
as wearer tests are mentioned.
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Subjective measures have been previously used within the litera-
ture (Winakor et al., 1980; Philippe et al., 2003; Soufflet et al., 2004;
Sular and Okur, 2008). The method of tactile evaluations in wearer
trials has been demonstrated in 1997, where Naylor and Phillips
(Naylor and Phillips, 1997) tested a range of jersey textiles on groups
of “experienced adult judges” and “unskilled group of school child-
ren”. The AATCC (2006) standard “Fabric Hand: Guidelines for the
Subjective Evaluation” provides guidance for subjective analysis.
However, the “Tactile Triangle” (Atkinson et al., 2016) was con-
structed due to a disparity in opinion with the AATCC standard, sug-
gesting that it “promote[s] unnatural interactions with textiles and so
are incompatible with consumer experience” (ibid). Indeed, the sub-
jective nature of tactile experiences means it can be difficult to quan-
tify and convey. Only by experiencing the sensation oneself can one
say that they may understand what another person means. We often
say; “feel this” and attach loose expressions in an attempt to
describe the sensation. It is often not reasonable, nor possible to
define a comfort scale for the “psychophysical phenomenon” of soft-
ness without complexity (Alagirusamy, 2010; Choudhury, 2017).
During wear, the tactile becomes associated with other ranges of
stimuli, forming a memory of a lived experience, informing us as we
navigate the world. We learn to associate particular “feelings” with
particular contexts and “things”, including garments. This also means
that the tactile experience is in constant flux, in the same way that
memories are constantly re-created and re-defined as experiences
develop, so too is the felt experience.

Where there exists common learned experiences and associations
we hold to be able to identify things, sensory experiences differ
slightly for each of us (Choudhury, 2017). This difference becomes
heightened in cases where the somatosensory functionality may
become damaged as a result of brain injury. Damage can lead to
neuropathic pain (where individuals may feel heightened stabbing,
burning, prickling or numbness sensations on the skin (Vestergaard
et al., 1995; Lima et al., 2015); an element of “recovery” that receives
less attention during rehabilitation (Bolognini et al., 2016).

Perspective and Focus of Study

For the purpose of this study, it becomes necessary to obtain sub-
jective ratings from brain injury participants, placing people-centred
approaches at the fore to determine sample softness, supplemented
by quantitative data for sample thickness and stretch. Fabric thick-
ness and stretch percentages are included to observe any correla-
tions between these properties (thickness and stretch) and the level
of softness; but more so, due to their significance in influencing gar-
ment type, seasonal and body temperature requirements, garment
fit, and purposes specific to the intended use of the garment in the
wider context of PhD research (Salisbury, 2021).

Evaluating Degrees of “Softness” in Therapeutic Systems
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The range of technical investigations (“Technical Investigations and
Discussion” section), focus on the creation of a close fitting, stretch
black jumper. The physical identity, degree of softness and fit of the gar-
ment have all been determined by the intended end use supporting the
integration of a patent pending textile component for muscle stimulation
(Salisbury, n.d). It is particularly important to deliver a garment which is
seemingly “familiar” and indistinguishable from other “plain black jump-
ers” (Salisbury, 2021). As such, a seamless and almost “invisible” inte-
gration of the energy harvesting components is pursued.

Technical Investigations and Discussion
Methods

Sampling

A Stoll CMS ADF 32W multigauge machine was used to develop a
fully fashioned garment with piezoelectric PVDF melt extruded yarn
(dtex 90, obtained from Swicofil), with ranges of conductive yarn
(sourced from Bart Francis), and varieties of “base yarns” which
range from cash wools, various lycras (Table 1), to a cotton-zinc anti-
bacterial yarn (provided by Perma).

Grading “Softness”

Participants were asked to rank a range of “Initial Samples” made
prior to the study. These samples were created based on findings
from earlier within the research (Salisbury, 2021) in which participant
feedback was favouring simpler “familiar” (CE, 2019) textile struc-
tures, particularly, double bed, half milano, 2� 1 rib and cardigan
structures: “If it was changed into something like that [drop stitch]
then I would wear it outside” (MM, 2019).

Spacer structures were introduced by the researcher as an option
informed by the literature and participant feedback in so much as it allows
for a “plainer” (FF, 2019), “familiar” (CE, 2019) surface, with reduced
complexity in textile structure, without neglecting output performance.

Engagement with participants took place in the form of focus
groups. Focus groups were conducted over three months in various
locations, containing a maximum of two individuals per session. The
groups consisted of a 65:35 male to female ratio, of ages ranging
from 25 to 70. Textile samples (to an average scale of width [weft]:
15 cm by length [warp]: 12 cm) were used as provocations to explore
participants’ views of:

i. Textile structure
ii. The form of the energy harvesting material
iii. The tactile experience of the samples
iv. Perceptions of self
v. Participant requirements and desires of a garment.
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Feedback was obtained through independent review, led by
researchers who had not previously met the participants, but who
knew the research. Participants had not previously seen the samples
or been informed of the textile-stimulation concept explored.

Participants made a comparative analysis of the samples, ranking
them in order of softness relative to the other samples. All individual
ranks were then averaged out. Discussions were then held within the
groups to categorise the samples; using keywords originating from
participants to describe the tactile quality of the samples: “Very
rough”, “rough”, “wearable” and “soft”. From this, a chart has been
developed (Figure 2) which grades degrees of softness on a scale of
1 (being most rough) to 9 (softest). Responses were considered in
terms of heightened degrees of sensitivity and repeated a week later
to see if perceptions had changed. A total of two repeat enquiries
were conducted with participants, averaged out per person and then
within the group to categorise the samples. Results from repeat tests
verified the first response in 96% of participants, mainly due to a rec-
ollection of previously ranking the samples. Results varied mostly
between the lower end of the spectrum in the categories of “Rough”
and “Very Rough”. Samples 1:1 rib, cardigan and half cardigan were
most frequently re-ranked as a result of repeat tests, but only by a
degree of 1 grade (i.e. from 1 to 2 and vice versa).

The aim of this chart is to therefore provide context to the
researcher and reader.

Sample thickness was calculated using a digital caliper to a
0.01mm degree of accuracy.

The stretch percentage of the samples was calculated by clamp-
ing the textile within a test rig and using the following equation:

Table 1. A summary of yarns used within technical investigations for samples 1 to 24.

Yarn name
(as stated in the text) Colour Composition

Count
(Dtex)1

Metric
count
(Nm)2 Supplier

PVDF (monofilament)3 Transparent PVDF 90 – Monoswiss: Swicofil
Cotton- Zinc

(ZTK 20/1)
White ZnO infused cotton – 20/1 Perma Corporation

Inox (100%) Grey Stainless steel 120 – Bart Francis
Cash Wool Blue; Off-white 100% WV – 2/30 Zegna Baruffa
Lycra Blue; White; Grey Undisclosed

amounts of Polyester
and Polyurethane

– 1/65 Filati be.mi.va

Black Lycra Black Unknown – 2/50 E. Miroglio srl
Elastane Blue 69% Polyester

31% Lycra
100 – Yeoman Yarns

1Calculated as grams per 10 km of length of yarn.
2Calculated as the ratio of length in meters to mass in grams.
3Elongation (30-31%); Shrinkage (4-8%); melting point (160 �C).
40.08mm melt extruded homopolymer.
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Maximum stretch width ½a�=unstretched width ½b� � 1� 100 ¼
stretch percentage ½c�

i:e: a=b� 1� 100 ¼ c

Results

The results are outlined as follows:

i. “Initial Samples” section displays the technical specifications of
“Initial Samples” and their respective “softness grade” (Tables 2
and 3);

ii. Thereafter, “Developed Samples” section displays the technical
specifications and respective grading of samples developed as a
result of feedback of the “Initial Samples” from participants,
named “Developed Samples” (Table 4 and Figure 3). These
“Developed Samples” work towards the intended requirements of
use of the garment as previously specified (“Methods” section).

iii. Finally, “Average Characteristics per Softness Level” section
provides data compiling the average thickness (Figure 4) and
stretch percentages (Figure 5) of samples classified in each
“softness level”.

Findings and Discussion

“Initial Samples”

Samples 5 to 7 were received with the greatest negativity, being
described as “rough”, “unwearable” and rejected: “Oh this one is
really rough. No, there’s no way that this could be worn. It would
scratch your skin off!” (AB, 2018). Notably, the greater the stretch the
more the stitches of PVDF protruded from the surface. This was

Figure 2
Softness level scale; categories and boundaries.
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seen to contribute towards the rough texture that caused participants
to liken the textile to a “scouring pad” (ibid), placing it in a category of
textiles that was not suited to wear on the body.

The use of Lycra increases stretch in Sample 2, however, it also
contributes to a “bandage” aesthetic (MM, 2019) and increases sur-
face roughness (DF, 2019): “I wouldn’t want to wear something that
looks like a bandage” (MM, 2019). This roughness persists when the
textile structure is changed in Sample 3, but to an elevated degree,

Table 2. Summary of textile structure and yarn combinations of Samples 1–12

Sample Number Textile Structure

Yarn Combination

PVDF Nylon Cotton-Zinc Lycra (Blue etc.) Inox Cash Wool

1 Double Bed x x
2 Double Bed x x x x
3 Half Milano & Mock Rib x x x
4 Half Milano & Mock Rib x x
5 Half Cardigan x x x
6 Cardigan x x x
7 1:1 Rib x x x
8 Tubular Spacer x x
9 Tubular Spacer x x
10 Tubular Spacer x x x
11 Tubular Spacer x x x
12 Tubular Spacer x x x

Table 3. Sample softness grading and common characteristics of “Initial Samples”

Category Grade Textile Structure

Yarns combined with PVDF

Thickness
(mm)�

Av. Stretch
Warp:

Weft (%)
Lycra
(Blue etc.)

Cotton-
Zinc CashWool Inox

Very Rough 1 1:1 Rib x x 1.46 165: 170
2 Half Cardigan x x 1.4 130: 170
2 Cardigan x x 1.4 210: 200
3 Half Milano

& Mock Rib
x x 1.17 105:110

Rough 4 Double Bed x 1.02 100:45
4 Double Bed x x 1.39 115:50
5 Double Bed x x x 1.39 115:50

Wearable 6 Half Milano
& Mock Rib

x 0.59 ±0.04 85:60

7 Spacer x 0.62 70:80
Soft 8 Spacer x 1.81 75:45

9 Spacer�� x x 1.56��� 80:25
9 Spacer�� x x 0.83���� 65:30

�Tension was not recorded for the “Initial Samples”.
��Samples used Nylon monofilament (with same dtex) as a replacement to PVDF.
���Sample used two ends of cash wool.
����Sample used just one end of cash wool rather than two to reduce thickness.
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suggesting that the textile structure impacts surface roughness: “I
like how it looks. It reminds me of some jumpers I have. But it’s quite
scratchy. I wouldn’t wear it” (PP, 2019). The PVDF appears to be
looping above the surface rather than sitting flat (Figure 6).

Upon removing the Lycra in Sample 4, the softness levels
increase. However, this had its own limitations: “It’s quite flimsy isn’t
it. I always say that jumpers like this wear out really quickly and loose
their shape. Then it’s no good so you have to throw it out” (TT,
2019); “This is quite see-through. It’s not practical” (PP, 2019).

Softness levels decreased when Lycra was added back into
Samples 5 to 7: “Wow this [Sample 5] is very rough” (AB, 2018). The
absence of stretch properties in the PVDF yarn means that, as the
lycra contracts, the PVDF is pushed out above the surface and simul-
taneously holds the other stitches closer together, creating a more
compact, stiffer structure, albeit depending on yarn combination
and tension.

Changing the textile structure to a spacer (Samples 8 to 12),
improved surface softness: “It’s soft [Sample 9]. Lovely. I have a
jumper like this at home” (FF, 2019).

However, issues persisted in terms of “transparency” and add-
itional issues arose in regards to compressive qualities: “This one is
also see-through [Sample 8]. It seems quite delicate. I’m not sure it’s
good for everyday, maybe for ladies on special occasions?” (SS,
2019). “This is lovely and soft [Sample 8]. Definitely something you
could wear. But it does squish doesn’t it. It feels weird when you
press it. Almost like there’s something in there” (GG, 2019). By
employing spacer structures, the PVDF yarn could be tucked in
between the two outer layers of the textile (Figure 7). In this instance
the two outer layers of the textile contributed more to surface texture;
catching the PVDF yarn within the textile and reducing contact of the

Table 4. Summary of textile structure and yarn combinations of Samples 13–24

Sample
Number Textile Structure

Yarn Combination

PVDF Cotton-Zinc
Black
Lycra

Lycra
(Blue etc.) Elastane

13 Tubular Spacer x x x
14 Tubular Spacer x x x
15 Interlock x x
16 Interlock with Float x x x
17 Interlock with Float x x x
18 Interlock Spacer x x x
19 Interlock Spacer x x x
20 Interlock Spacer x x x
21 Interlock Spacer x x x
22 Interlock Spacer x x
23 Interlock Spacer x x
24 Interlock Spacer x x
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PVDF with the skin. Samples employing a spacer structure saw an
increase in sample softness to 7 and 8 (Samples 8 and 9 respect-
ively). Softness levels were all below 6 in Samples 1 to 6, and as low
as 1 (Sample 7) and 2 (Samples 5 and 6).

Figure 3
Visualisation of textile structures for developed samples.
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Spacer structures are also noted useful for improving energy har-
vesting output performance. Soin et al. (2014) have demonstrated
higher outputs and efficiencies of spacer structures versus “2D”
woven, knit and non-wovens; with a maximum output power density
of 5.10mWcm�2 (under pressures of 0.02� 0.10MPa).

However, within the spacer structures, the integration of Lycra
was lacking and the level of stretch was reduced. Even though the
impact of a tighter structure with an enhanced stretch ratio is
deemed desirable for improving output performance (Kwak et al.,
2017), the surface roughness would be undesirable and prohibitive to
wear (CE, 2019). Furthermore, in cases where stretch is required in
order to deliver a particular garment type, delivering a tight-fit, stretch

Figure 4
A graph depicting average thickness (mm) of samples in each respective

“softness level”.

Figure 5
A graph depicting average stretch percentage (%) of the warp and weft of samples

in each respective “softness level”.
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energy harvesting garment with a polymer-based yarn can be chal-
lenging. The following investigations focus on delivering exactly that.

A series of technical data and analysis is included from key sam-
ples, selected from a range of 24 samples in total, to demonstrate
repeatable steps that can be used to achieve a “super soft”, high
stretch energy harvesting garment.

“Developed Samples”

Sample thickness, yarn combination and arrangement. It is widely
known that samples using spacer structures typically increase sam-
ple thickness (up to 65mm reported on warp knitted spacers; Yip
and Ng, 2008; Hou et al., 2012). In general, thicker samples saw
greater perceived levels of softness (Samples 10 to 13; 9; 23; Figure
4) with a range of thinner samples being exceptions to this (Samples
4; 15; 19; 22), whereby tension and yarn quantity also influences
thickness. However, this can be manipulated. Depending on yarn
combinations and tension, tubular structures are notably thicker than
full interlock. By varying a tubular structure with interlock, it was
found that the thickness of the sample could be controlled and
reduced. Tucking the PVDF at every other stitch was also used to
help reduce the overall thickness of the sample (from 0.99mm in
Sample 23 to 0.83mm in Sample 22). However, tucking at every
other stitch increased roughness, with less stitches catching the
PVDF yarn in the structure (Samples 22 and 23).

Sample softness level also reduced when the PVDF yarn broke
due to stitch arrangement (Sample 24; Figure 8). To avoid yarn

Figure 6
Close-up of surface structure. The arrow indicates protruding PVDF stitches.
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breaks, the racking should take place on a tubular rather than an
inlay row (Figure 9).

Yarn arrangement is also a contributing factor to surface rough-
ness. In Sample 15 the cotton-zinc and PVDF yarns are randomly ori-
ented in the structure since they are simply “knitted in”. This can be
controlled by employing a plating technique, as seen in Sample 16,
generating a distinct difference in surface roughness between the
“right” and “wrong” sides of the textile, thereby selectively orientating
softer surfaces to that in direct contact with the wearer’s body. This
does not account for contact with the outer surfaces via stroking or
resting of the hand, for example, either by the wearer or
another individual.

Notably, in Sample 19, the placement of the Lycra notably influ-
enced perceived softness. By knitting the Lycra with the cotton-zinc,
(rather than with the PVDF in the spacer in Sample 18), softness lev-
els increased.

Body temperature requirements post-stroke are seen to influence
the degree of softness and needs for maintaining a comfortable body
temperature: “Because of the stroke I get really cold easily, especially
in my affected arm. And when it gets cold it can be painful and gets
really stiff. But in summer I wouldn’t be able to wear this [Sample 9].
It needs to be a bit lighter for summer” (PP, 2019). A lighter layer is
considered beneficial since it can either be worn on its own or lay-
ered with other garments. Technical investigations aim to reduce the
overall thickness of the textile for this purpose.

Combining properties within a single yarn (Sample 22) by using a
softer yarn with elastane properties can reduce overall textile thick-
ness, by reducing the need to use multiple yarns (Sample 21).
However, this raises concerns for textile recycling at the garment’s
“end-of-life”. The integration of PVDF yarns further adds to this com-
plexity. Multiple yarns are considered to be easier to recycle than
fibre-based methods of integrating nanofibers into existing yarns (e.g.
PVDF nanofibers into cotton). The separation of materials can prove
more difficult (Navone et al., 2020).

Figure 7
Spacer structure: PVDF yarns inlay between tubular cash-wool outer surfaces

(indicated by arrow).
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Tension. Tensions vary according to the yarn combination used.
Combining Lycra and PVDF in the inlay (Samples 18; 20; 21)
increases surface roughness as the PVDF protrudes more so from
the surface. Loosening the tension from 10.5 to 11.5 in Sample 21
increased sample thickness from 1.5 to 2mm respectively.

Tensions were also seen to change the physical appearance of
the textile; Samples 17 and 21 display a “polo” appearance, Samples
18 and 19 a “soft cardigan”, whilst Samples 13 and 14 may be con-
sidered appropriate for use in compression socks or tight fitting
sportswear. “It seems like that type of fabric you would wear for ther-
mals [Sample 8]. Like thermal vests” (DD, 2019). A tighter tension
contributes towards a “stiffer” handle of the textile (e.g. Sample 20)
and, in some cases, an increased stretch percentage (e.g.
Sample 19).

Figure 8
Close-up of surface structure with broken protruding PVDF stitches (indicated

by arrow).

Figure 9
Details of textile structure influencing yarn breaks and surface roughness: Left -
Arrow indicates racking starting on inlay which subsequently breaks the PVDF

yarn; Right - Racking starting on tubular row (indicated by arrow) prevents
yarn breaks.
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Limitations and Considerations for Further Study

There are, of course, limitations in regards to how such tests
are conducted:

i. The yarn combinations used for the samples in each series
was limited. This impacts the scope of the research and explo-
rations of “softness”. Since the use of wools was likely to lend
itself to colder seasonal wear, this became the focus of the
research. To counter this, discussions were held around spring
and “summer wear”, with additional yarns (cotton and lycra)
included for these purposes. Personal clothing and fabric
swatches were referenced in cases where samples did not
represent need.

ii. The colour of the samples was also limited, influencing partici-
pant responses; the off-white yarn influenced analogies of
bandages (FF, 2019).

iii. Within this study, fabric thickness, density (depicted via meas-
urements of tension) are used in line with the findings demon-
strated by Elder et al. (1984) to show that these are critical
characteristics that contribute to softness. In addition, further
records of the textile structure, yarn combinations and the
positioning of the energy harvesting yarn relative to the other
yarns is seen as important and therefore detailed throughout
“Technical Investigations and Discussion” section.

However, due to limitations in accessing tensile testing equipment,
regrettably, this information is not included. Instead, stretch percent-
age is included. Should readers wish to investigate further, it is con-
sidered possible to calculate the Young’s modulus from the
information given.

iv. Although participant experience and self classification of textile
softness can be useful in gathering “lived experience”
responses from people, it is acknowledged that such
responses can vary from day to day. The tactile experience
can be mood dependent. Mood, seasons, weather and the
context in which the sessions are held are all factors that can
influence the response of participants. Although this cannot be
fully mitigated, focus groups were spaced out over a two
month period and sessions repeated to explore if opinions
had changed.

v. The words “soft”, “wearable”, “rough” and “very rough” have
been used to categorise the samples in accordance with
remarks made by the participants. Although it should be
stated that these are by no way the only words and methods
used to convey degrees of softness by participants. It is, how-
ever, important to retain the participants’ voices since the
experiences belong to them, and so a range of quotes have
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been included within the chart to enhance the reflections when
categorizing further samples during the making process.

vi. It was acknowledged that some individuals who did not take
part at all could provide some additional, particularly important
insights. This was due to factors ranging from communication
issues resulting from brain injury (e.g. aphasia), or needs to be
in a quieter space where overwhelming auditory stimulation
can limit participation for some individuals who experience
heightened levels of sensitivity post brain injury.

A strategy was constructed to engage with them on a different
level; e.g. on a one-to-one basis, or in consultation with the support
worker who was either simply present or asked questions to the indi-
viduals on behalf of the researcher.

vii. Finally, the studies have solely focused on newly created sam-
ples and do not account for wear. Indeed, through wear, tex-
tiles that were previously “soft” can become rougher (e.g. due
to fibres entangling and clumping together, from fibre breaks
and loss of fibres revealing rougher underlying textile struc-
tures) that result in non-use. Further work is needed to identify
the impact of wear via controlled testing/wearer tests to inves-
tigate this further.

Conclusion
Due to the increase in studies exploring the technical capacity and
output performance of energy harvesting yarns, there exists a real
need to understand how energy harvesting yarns may be integrated
into wearable garments. In particular, how the tactile experience, par-
ticularly in terms of “softness” can be manipulated.

To support the process of classifying degrees of softness, object-
ive measures (in the form of textile thickness and stretch) and sub-
jective measures (in the form of participant feedback) were used, for
which a “Grading Chart” (Figure 2, Tables 3 and 5) was created. In
this method, the samples are seen to include the participants within
the making process, when they are used as a reflective tool by the
maker, who employs their own sensory experience in order to com-
pare further samples in direct comparison to the grades given to prior
(initial) samples by the participants.

The act of wearing clothing generates tactile sensations that can
elicit pleasant or unpleasant responses. Of the most irritating sensa-
tions from wearing clothing, a “fabric-evoked prickle” is rated as
being the worst (Li and Wong, 2006). Associations with feelings of
being uncomfortable when wearing a textile that is “prickly” (Smith,
1987; Garnsworthy et al., 1988b) can be identified as triggering pain
nerve endings from a threshold of 0.74mN (Garnsworthy et al.,
1988a). Within this study, samples which ranked worst were those
where the PVDF yarn floated above the surface, protruding out,

Evaluating Degrees of “Softness” in Therapeutic Systems

Jo
ur
na

lo
f
Te

xt
ile

D
es
ig
n
R
es
ea

rc
h
an

d
P
ra
ct
ic
e

2
4
5



producing a rough surface. Small pieces of broken PVDF yarn (Figure
8), were caused by issues during the shaping process where the
racking starts on a row of tucked stitches (Figure 9).

The study presented in this paper demonstrates that the level of
softness can be controlled by altering the tension, textile structure,
yarn combination and the position of the energy harvesting yarn in
the structure. The examples included also show how shaping a gar-
ment provides further considerations, demonstrating that this

Table 5. Sample softness grading and common characteristics of “Developed Samples”

Category Grade

Common Properties

Textile Structure

Yarns combined
with PVDF�

Thickness
(mm) &
Tension [T]

Av. Stretch
Warp:
Weft (%)��Lycra (Blue)

Black
Lycra Elastane

Cotton-
Zinc

Very Rough 2 Interlock Spacer x x 1.09
[9.5 T]

70:100

2.5 Interlock Spacer x x 0.87
[11 T]

95:67

3 Tubular Spacer x x 1.44±0.12
[11 T]

100:120

Rough 3.5 Interlock with Float x x 1.75
[11.5 T]

90:60

4 Interlock with Float x x 1.66
[11 T]

90:60

5 Interlock Spacer x x x 2.18±0.04
[10.5 T]

40:100

Wearable 5.5 Interlock with Float x x 1.73
[11 T]

90:60

6 Interlock Spacer x 0.83
[10.5 T]

40:100

6 Interlock Spacer x x 1.72
[10 T]

70:60

6.5 Interlock Spacer x 1.43
[11 T]

70:70

6.5 Interlock Spacer x x 0.94 ±0.2
[10 T]

90:60

Soft 8 Full Interlock x 0.74
[9.5 T]

90:50

8 Tubular Spacer x x x 0.95±0.09
[12 T]

100:110

9 Full Interlock x 0.48
[9.5 T]

90:50

9 Tubular Spacer x x x 2.14 ±0.1
[12 T]

100:110

9 Interlock Spacer x 0.99
[10 T]

60:100

�Alternative lycra (named black lycra) and elastane yarns with different metric counts (Nm) were added In
this set of “Developed Samples”. Cashwool and inox were removed from experiments to focus the enquiry
on stretch yarn combinations for acquiring desirable fit as per the overall garment specification needs
(“Perspective and Focus of Study” section). See Table 1 for further details.
��See Figure 5 for plotted warp and weft trends.
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requires attention within the construction of garment patterns further
down the line. Where there existed limitations in terms of yarn combi-
nations used within this study, this exists as a starting point, from
which further yarn combinations may be explored.

Within the initial introductory sections of this paper, the use of rub-
bery matrices were discussed in regards to their use within the devel-
opment of flexible energy harvesting materials (Chou et al., 2018). A
final note is made towards this particular process. Where larger pieces
of rubbery matrices may not be most suited for integration into gar-
ments, a reconsideration into how the use of silicones are used may
present a better opportunity. Interestingly, the use of silicone is fre-
quently used to create fabric softeners, specifically for wools, in order
to increase fiber flexibility; specifically bend and twist (Naebe et al.,
2013). Similarly to methods used for carbonising cotton yarns and
other methods for energy storage (Mirvakili et al., 2015), considerations
may turn towards the exploration of impregnated fabrics with PZT/sili-
cone nanofibers (or alternatives to PZT) that simultaneously soften
whilst embedding functionality may be a desirable route to integration.
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