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Abstract

Vertical farming is of major interest in research and development to enable the production of food in the
quantity sufficient for the growing world population under the weather conditions, which are increasingly
becoming more and more extreme. Especially in cities, vertical farming allows for growing vegetables and
other plants locally. Apart from industrial applications of vertical farming, new ideas are being developed to
make cities “greener’, often related to the maker culture. In the study, we concentrated on the second ap-
proach by investigating the possibilities to grow plants on textile fabrics placed vertically, e.g. along a bal-
cony railing, but also as structural elements in agricultural areas. Our investigations revealed, using the ex-
ample of cress, that steadily irrigated knitted fabrics enable plant growth on them, indicating no significant
differences between differently knitted stitch dimensions and different illumination intensities. Finally, we
discuss the possibilities to measure the time-resolved plant growth reliably and suggest additional possibil-
ities to evaluate the growth success.

Keywords: vertical farming, textile fabrics, plant growth, knitted fabrics, hydroponics, measurement technol-
ogy, cress, illumination, irrigation

lzvlecek

Vertikalno kmetovanje je zelo pomembno za raziskave in razvoj, saj omogoca pridelavo dovolj hrane za ra-
stoce svetovno prebivalstvo v cedalje bolj ekstremnih vremenskih razmerah. Zlasti v mestih omogoca verti-
kalno kmetovanje lokalno pridelavo zelenjave in drugih rastlin. Poleg teh industrijskih aplikacij vertikalnega
kmetovanja se razvijajo nove ideje za ozelenitev mest, ki so pogosto povezane s kulturo pridelovalcev. Clanek
se osredotoci na drugacen pristop z raziskovanjem moZznosti gojenja rastlin na ploskovnih tekstilijah, postav-
lienih navpic¢no, npr. ob balkonski ograji, pa tudi kot strukturni elementi na kmetijskih obmocjih. Nase razis-
kave na primeru krese kaZejo, da stalno namakanje pletiva omogoca rast rastlin na njih, pri cemer ni po-
membnih razlik med razlicnimi dimenzijami zank pletiv ter razlicnimi intenzivnostmi osvetlitve. Na koncu je
podana razprava o moznostih zanesljivega merjenja rasti rastlin in predlagane so dodatne moZnosti za oce-
no uspeha rasti.

Kliucne besede: vertikalno kmetovanje, ploskovne tekstilije, rast rastlin, pletiva, hidroponika, merilna tehnologija,
kresa, osvetlitev, namakanje
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1 Introduction

Textile fabrics are applied in diverse areas, from gar-
ments and home textiles to a broad range of techni-
cal textiles. In agriculture, woven fabrics, warp or
weft knitted fabrics can often be found [1], typically
produced from polyester, polyamide [1], polyethyl-
ene [2, 3] or other man-made fibres. These technical
textiles can protect early outdoor plants from harsh
environmental conditions and herbivores [4, 5],
from contaminations [6—8] etc.

In spite of the frequent use of textile fabrics in agricul-
ture, there are not many reports in the literature on
letting plants grow on textile substrates [9]. Recently,
our group investigated the growth of Pleurotus ostrea-
tus mycelium on nanofibre mats [10] and knitted fab-
rics [11], respectively, as well as microalgae growth on
nanofibre mats [12]. In this study, the growth of high-
er plants on weft knitted fabrics was investigated to
enable plant growth on vertically positioned sub-
strates for the application in vertical farming.

The developed method can be defined as a combi-
nation of hydroponics — where plants are grown in
water supplemented with macro- and micro-nutri-
ents — and aeroponics — where plants are grown in
humid air or water vapour without a water reservoir
[13]. Generally, the main aim of vertical farming is
to grow plants with increased yield per unit area
[14]. This is especially important in large cities
where not enough agricultural areas are available to
deliver food for the local population [15]. The so-
called farmscrapers may offer an alternative to long
transport distances [16]. Due to the possibility of
recycling the necessary water, to avoid biocides and
reduce transport energy, vertical farming can be
even more sustainable than conventional farming,
besides avoiding the growing danger of extreme
weather events [17].

While “vertical” in the case of such farmscrapers is
usually defined as vertically stacked horizontal res-
ervoirs of water with nutrients in which plants are
growing, vertically positioned substrates for plant
growth are only sometimes used by makers and
hobby gardeners. However, the latter has not yet
been reported in the scientific literature. Therefore,
in this paper, we give the first overview of the influ-
ence of different environmental factors and sub-
strate parameters on plant growth, serving as the
base for future experiments on vertical farming in
the literal sense. We thus mostly aim at suggesting
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possible substrates for makers and others who want
to use as much of their balcony or other small spac-
es to grow flowering plants, herbs, moss or other
plants, making their environment “greener” etc.

2 Materials and methods

Single-jersey fabrics of dimensions 5 cm x 5 cm
were knitted on a hand flat knitting machine Silver
Reed SK 280 (Knittax, Darmstadt, Germany) with
needle gauge E5.6 (i.e. needle distance 4.5 mm), us-
ing the stitch dimension settings 3, 5, and 7, which
were found well knittable. Polyacrylonitrile (PAN)
yarn of 45.5 tex X 2 (Nm 22/2) (Andreas Hoffmann
Garnhandel & Textilspulerei, Engstingen, Germany)
was used to enable a comparison with previous ex-
periments dealing with micro-algae [12] or mush-
room mycelium [10] on PAN nanofibre mats. Fur-
thermore, pre-experiments revealed the hydrophilic,
hygroscopic properties of knitted fabrics from PAN,
while some other materials showed reduced water
transport abilities. Finally, this material was chosen
to create the test environment with long-time stabil-
ity, opposite to for example jute or wool, both of
which were found to be more prone to mildew and
rotting under continuously wet conditions. The fab-
rics used, however, did not change their mechanical
properties significantly during the study, making
them re-usable for a sustainable setup.

Table 1 gives an overview of knitted fabric parame-
ters. Thickness was measured using a digital gauge
J-40-T (Wolf-Messtechnik GmbH, Freiberg, Germa-
ny) and areal weight with an analytical balance SE-
202 (VWR International GmbH, Darmstadt, Ger-
many). The microscopic images to distinguish the
course and wale densities were taken with a digital

Table 1: Parameters of knitted fabrics used in this
study (n = 3)

Stitch size
3 5 7
Thickness [mm] 1.78 | 1.82 | 1.85
Areal weight [g/m?] 211 | 196 | 181
Apparent density [kg/m’] | 118 | 107 | 98
Stitch length [mm] 10.3 | 12.0 | 13.7
Course density [cm™!] 5.1 4.4 3.7
4.6 4.4 4.1

Parameter

Wale density [cm™!]
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microscope  VHX-600K (Keyence, Neu-Isenburg,
Germany).

The sample borders were seamed to avoid the un-
ravelling of fabrics. Then, all samples were hand-
coated with Konjac Gum Powder (Special Ingredi-
ents, Chesterfield, UK) solution (2 g Konjac Gum
Powder dissolved in 240 ml deionized water) with
the aid of a doctor blade. This method was found
more accurate than common rolling knives, box-
type doctor knives or a foulard. Konjac Gum Pow-
der contains konjac glucomannan, a polysaccharide
extracted from Amorphophallus konjac [18] with
high water binding and gelation abilities and is typi-
cally used in the food industry [19].

Using this polysaccharide is a compromise between
using fully biodegradable fabrics — which would work
very well when thinking about using the fabric to po-
sition the seed only for a limited time, e.g. when plac-
ing it on a steep slope where the plants should fix the
ground - and using a fully stable fabric. The latter is
necessary here or the seeds would lose their footing if
the fabrics degraded. The biodegradable Konjac Gum
Powder dissolves with time so that the seeds can ger-
minate without problems, while the time-stable PAN
forms the base in which the roots can be fixed.
Immediately afterwards, 9 cress seeds (Lepidium sa-
tivum L., Kiepenkerl, Everswinkel, Germany) per
sample were placed in a matrix of 3 x 3 seeds with
similar distances on a wet coating and thus glued to
the fabric. Afterwards, the coating was dried in air
at room temperature for 2 h, before the samples
were fixed on the vertical test stand.

The sketch and image of the test stand (45 cm high,
180 cm long) are presented in Figure 1. The textile
fabrics were mounted on the metal grid visible in
Figure 1 (left panel). Each column of samples was
irrigated constantly with supply water (water hard-
ness level 16 °d, i.e. 16 degrees of hardness or “hard”
water), using a pump INDOOR P300-i (Heissner,
Lauterbach, Germany) with the power of 3.6 W, po-
sitioned in a water reservoir below the samples,
pumping the water constantly from the reservoir
into the upper tube (black half-tube). The measure-
ment results of the spatially resolved flow rate for
different columns are given in Results and Discus-
sion. Additional nutrients were not used since only
the germination process was examined and no nu-
trient supply is necessary for it.

For illumination, 2 LED tubes “TubeKIT LED 1.5 m
21.5W/830” (Osram, Munich, Germany) with 150 cm
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in length with the colour temperature of 3000 K,
21.5 W power, 150° angle of irradiation and 1890 Im
luminous flux were used for 16 h per day. They were
positioned horizontally in front of the test stand (not
visible in Figure 1). The spatially resolved light inten-
sity measurements, performed with a solarimeter
KIMO SL-200 at the positions of samples, are given in
Results and Discussion.

chicken wire

reservoir

Figure 1: Vertical test stand: a) sketch of left part (col-
umns 1-9 in Figure 2) of vertical test stand with pump
inside water reservoir and zip ties as flow direction
control; b) real test stand (columns 10—17 in Figure 2)
with knitted fabrics and cress growing on samples

The arrangement of samples on the test stand is de-
picted in Figure 2. It allows for comparing different
stitch dimensions of knitted fabrics (cf. colour
codes), different light intensities and irrigations, in
this way enabling the evaluation of the influence of
these three parameters. The free fields (white in
colour) are used as indicators to support a fast ori-
entation among sample positions.
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Figure 2: Arrangement of samples with different stitch sizes
on vertical test stand and numbering of sample positions

- = stitch size 7

During the experiments, the relative humidity in a
not air-conditioned laboratory varied between 35%
and 50%, while the temperature varied between
20.6 °C and 23.1 °C. The plant growth was exam-
ined for 27 days, starting with the measurements
2 days after placing the seeds on the textile fabrics.
Plant lengths were measured using sliding callipers,
measuring the distance between the fixing point in
the fabric and end point without stretching the plant
to avoid any possible disturbance and damage. To
evaluate this measurement method, on the last day
of experiments, all plants were cut directly above
the textile fabric, stretched and in this state glued on
a sheet of paper for measuring.

3 Results and discussion

Figure 3 shows the measurements of illumination per
sample position, given in W/m?. Firstly, it must be
mentioned that these values are low, as compared to
sunlight, which can reach up to 700 W/m? in the sum-
mer and up to 250 W/m? in the winter in the middle
Europe, but correspond approximately to typical light
intensities in offices and other rooms [20]. Next, it is
also visible that the light intensities vary strongly be-
tween different sample positions. In this way, the eval-
uation of the influence of the light intensity is possible.
The flow rate through each of the 17 holes is depict-
ed in Figure 4 (n = 3). Apparently, a few of these
holes do not work properly (nos. 1, 4, 14). Never-
theless, the variations of the flow rate enable the es-
timation of the influence of this factor.
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Figure 3: Illumination in W/m?®, measured in middle
of each sample position
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Figure 4: Flow rate, measured per irrigation hole

The Konjac Gum Powder used to glue seeds on textile
fabrics is not long-time water-resistant, i.e. it starts
swelling when exposed to water, and enables contact
between seeds and water as well as growing of roots
of germinating cress through the konjac coating. This
may, on the other hand, be problematic if the coating
is dissolved faster than the root can anchor itself in
the knitted fabric. This effect is depicted in Figure 5,
where the numbers of lost seeds are given.

It should be mentioned that no correlation is appar-
ent with either the flow rate (cf. Figure 4) or illumi-
nation (cf. Figure 3), indicating that the seed posi-
tioning should be improved, e.g. by pressing the seed
deeper into the konjac coating. However, the number
of established seedlings cannot be improved by
modifying the longevity of the coating, which would
be the case if slow-growing seeds were disadvan-
taged. This conclusion is supported by the finding
that indeed most seeds were lost during the first few
days of the experiment, before any seedling man-
aged to stabilize its roots inside the knitted fabric.
Another important factor is the total amount of
seedlings which developed further to a plant. Figure
6 shows the number of seeds which did not start
growing. Interestingly, these numbers are clearly not
correlated with the flow rate (cf. Figure 4), other-
wise large numbers of dormant seeds would be ex-
pected in columns 1, 4 and 14.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
A 0 |[R2NIN 2l 1|1 1 [F27 g2 2l 1
Bl 1 (Wl 1|2 RN 1|1(R2 0 g8 1|1 | 1|0|0|2
CHlEl 2221|2122 24| 0 |2 2L
DO |1 (828 1|2 (1 &SN 1 0 |28 -0 [ a8 1| 2
E 2121 2055 0 21210 211

Figure 5: Numbers of seeds/seedlings lost during ex-
periment
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Figure 6: Numbers of seeds not grown during exper-
iment
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Figure 7: Average shoot lengths in mm on 27" (final)
day of experiment

m o Mn @ B

Similarly, seeds in the areas with the lowest illumi-
nation (esp. columns 16 and 17) do not necessarily
have smaller chances of growing. Apparently, the
percentage of growing seeds is randomly distribut-
ed, i.e. dependent on stochastic variations of the
seed quality and not on experimental parameters.
Next, the average lengths of plants (measured from
the fabric to the end of the plant without stretching
it) on the last day is given in Figure 7 and compared
with the actual, true lengths in their fully linearized
state, depicted in Figure 8. The average length, mea-
sured as mentioned above, can be measured daily to
follow the growth process, while stretching the
shoot to evaluate its true length may impede and
possibly break the plant. Thus, our aim was to eval-
uate whether there is a clear correlation between
both values and to show whether taking the average
length without stretching is a useful measure of dai-
ly changes in plant growth.

Firstly, Figure 7 clearly shows that reduced flow
rates (columns 1, 4 and 14) did not lead to reduced
growth. Estimating the influence of the amount of
water available for plants is not easy since the flow
rate measurements (cf. Figure 4) are only valid for
the highest samples per column, while the samples

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
505652 E}u 31 44[35[50 3338
40(47|27 (3915 (643142 47 45|23 |51|52|29 |46
55|37 |57|54]39|44|32|33 545041 |28|54]32 46
34 (37 (63 80| 56| 45 |50 |37 3665|4831 (49|35(34 |51
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at lower places can be expected to be reached by less
water due to the evaporation in the upper part of
the test stand. Nevertheless, an estimate of this in-
fluence will be given later on.

Next, Figure 8 does not show any correlations with
illumination or irrigation. This means that the aver-
age real length does not depend on these factors. It
should be noted that the light intensity was close to
the light compensation point reported for other
plant species of the family Brassicaceae, e.g. radish
with 29 pmol photonsm=2s-! [21], corresponding
to about 7 W/m? Below the light compensation
point, respiratory CO, release of the plant exceeds
the photosynthetic CO, assimilation and the plant
fails to increase its dry mass. In the case of cress, the
carbon-rich oil seed provides a carbon and energy
source for extended growth which was measured in
this experiment.

The quotient of true length and length measured in
the experiment, not taking into account the bent
stems of plants, can be regarded as a measure of the
degree of bending and may be expected to be higher
for plants the roots of which are either less strongly
fixed inside the substrate or which are more strongly
trying to grow into the direction of light. Figure 9
depicts these values. Again, while quotients vary
strongly between different samples, no correlation to
illumination or irrigation is visible. The offered light
intensity, despite being near the light compensation
point for growth, is entirely sufficient to trigger the
so-called phototropism, i.e. the oriented growth of
plants in the direction of incident light [22].

Finally, Figures 10 and 11 depict the correlations
between the true lengths (cf. Figure 8) and the three
experimental parameters, i.e. illumination, irriga-
tion (only calculated for the highest sample per col-
umn) and stitch dimensions.

These point clouds clearly indicate that there is no
correlation between the true lengths and illumina-
tion, while a small negative correlation between the
true length and the flow rate cannot be excluded;
nevertheless, the latter is not significant either.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
2 127|241 18|1.9|19 18|{15|21 3.8(1.4|15
1.8(18(|1.9(|2.0]1.2 1& 206(2.1 21(20(1.7|19
3.2(22(3.2(3.0{1.9]22(2.7|24 23|19|3.0|16
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29|36 50| 25 (54 4433 (55 51|58 (53

Figure 8: Average true lengths in mm on 27" (final)
day of experiment
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2419|117

26[31|22
Figure 9: Average quotient of true lengths and experi-
mental length on 27" (final) day of experiment
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The large range of values given in Figure 9 also sug-
gests that measuring the average length without
stretching the plant is no reliable measure of the
growth process.

Moreover, stitch dimensions do not show an influ-
ence on the true lengths either (cf. Figure 11). It
should be mentioned that according to Table 1, this
also means that the areal weight, fabric thickness
and other parameters changing with the stitch di-
mension do not significantly alter the results. This
finding can be explained by the konjac gum coating
which is sufficient to fix most of the seeds on each
textile fabric at the beginning of experiments so that
the impact of the stitch dimension on the initial fix-
ation of the seed is negligible.
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Figure 10: Dependence of true lengths on illumination
(all samples) and irrigation (highest mounted samples
only), measured on 27" (final) day of experiment

This finding can be interpreted as a negligible influ-
ence of examined parameters on the growth of cress
on vertically mounted textile fabrics. Nevertheless,
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it must be mentioned that this result can also be in-
terpreted as the true length of a plant stem not be-
ing fully indicative of the plant growth, i.e. that oth-
er biological and biochemical parameters should be
taken into account during the evaluation of the
growth process of diverse plants on textile sub-
strates. One of these possible parameters is the dry
mass at the end of the experiment, which is also go-
ing to be evaluated in the forthcoming study.
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Figure 11: Dependence of true lengths on stitch di-
mension, measured on 27" (final) day of experiment

4 Conclusion and outlook

Cress seeds were grown on vertically mounted knit-
ted fabrics with different stitch dimensions. By vary-
ing also illumination and irrigation for overall 72
samples with 9 seeds each, no significant influence
of these three parameters on the true length of cress
stems was found after 27 days, whereas strong fluc-
tuations occurred between single seeds. In addition,
further studies need to involve the optimization of
irrigation. It is sufficient to keep the fabrics moist
and over-wetting should be avoided.

It should be mentioned that while fabric thickness,
areal weight, illumination etc. did not show a sub-
stantial influence on plant growth, it cannot be ex-
cluded that a stronger modification of these param-
eters, e.g. by comparing finest knitted fabrics with
thick plush fabrics or by illuminating far above the
light compensation point, would show an influence
in future investigations.

Our study shows on the one hand that it is generally
possible to grow plants like cress on vertically ori-
ented knitted fabrics, especially if combined with a
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slowly dissolving coating which fixes the seeds at
the beginning of the experiment. On the other
hand, further growth parameters, e.g. dry mass of
plants, should also be taken into account in future
experiments to avoid missing possible relevant mea-
sures for the success of plant growth. Moreover, oth-
er plants of agricultural interest which are more dif-
ficult to grow than cress, e.g. spinach, thyme or
marjoram, should be examined in terms of their
suitability for vertical farming.

After this proof-of-principle underlining that plant
growth on textile fabrics is generally possible, future
experiments could examine the possibilities to tai-
lor the textile substrates for the requirements of se-
lected plants. In this way, new paths get opened to a
fully vertical farming technology, providing new
spaces to be used for plant growth.
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