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� A systematic characterization of
engineered plant root materials is
performed on various configurations.

� Differences in tensile properties
between each root configuration
suggest there is poor load distribution
on root structures.

� Introducing agar-agar as a
biopolymer matrix improves tensile
properties by homogenizing the load
distribution.

� The relationship between structure,
root tip density, and material
strength implies that properties can
be tuned by design.
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Plant root growth can be altered by introducing obstacles in the path of growth. This principle is used in
design to produce planar grid structures composed of interweaving roots. The Engineered Plant Root
Materials (EPRMs) grown with this method have the potential to serve as environmentally sensitive alter-
natives for conventional materials, but their applications are delimited by their material properties. To
bridge the gap in the wider application of these materials, the role of plant root structure and an agar-
agarmatrix areexplored in relation to themechanical properties of theEPRMs. Tensile testswereperformed
on five root configurations, ranging from single roots to grids of varying sizes. Heterogeneities in each con-
figuration suggest poor load distribution throughout the structure. Agar-agar was introduced as a biopoly-
mermatrix to improve loaddistribution and tensile properties. Digitalmicroscopy at the intersectionof grid
cells suggests a correlation between cell size, root tip density, and material strength. The largest cell size
(2 cm) had the highest root tip density and yield strength (0.568 ± 0.181 roots/mm2 and 0.234 ± 0.018 MP
a, respectively), whereas the structure with the least root tips (1 cm) was 31 % weaker.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Manufactured materials and natural materials greatly vary in
the way they are produced. Natural materials are assembled from
the ‘‘bottom up” by singular cells genetically programmed to pro-
duce complex structures [1], as opposed to the man-made ‘‘top-
down” approach. Scientists are now implementing this bottom-
up approach to create Engineered Living Materials (ELMs) - mate-
rials composed of (or assembled by) living cells through either
genetic reprogramming or physical manipulation [2]. ELMs have
great potentials for sustainability compared to conventionally
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manufactured materials and can be designed through physical or
genetic manipulation [3], but scaling up beyond a lab setting poses
a challenge to commercialization [2]. The most successfully scaled-
up ELMs include physical ELMs that manipulate a system to grow
into a design, such as mycelium-based materials [4], and tree shap-
ing [5].

The implementation of physical ELMs has become increasingly
common in biodesign, where a combination of biology, design,
and engineering are used to produce physical artefacts [6]. Physical
ELMs fall into a category known as growing design [7]. This subsec-
tion of biodesign provides a sustainable alternative for fabrication
methods in design practice [8]. Examples of the organisms used in
growing design include bacteria [9], mycelium [10], algae [11], and
plants [12,13]. This paper focuses on plant as ELMs. Applications of
plant-based materials include the Living Root Bridges, Baubotanik
buildings, and Fullgrown furniture (Table 1). Living Root Bridges
are structures grown from the roots of Ficus elastica trees by the
Khasi and Jaintia tribes of Meghalaya, India. The living structures
strengthen over time for centuries despite harsh climate condi-
tions. Baubotanik buildings fuse man-made scaffolds with living
trees. This results in a ‘‘living building” whose organic components
continue to grow and strengthen with time [5]. These examples
both integrate the growth of the plant into the final structure. Full-
grown, a UK- based company, instead separates the final product
from the living organism when growth reaches a certain point.
The company shapes trees into wooden furniture, allowing the
plant growth to manufacture the product over a period of 6–
10 years (https://fullgrown.co.uk). The use of plants in biodesign
has even brought about alternative textile-like materials, namely
Interwoven by Diana Scherer (the 3rd author), grown from plant
roots [14].

This paper focuses on plant roots as ELMs by using Interwoven,
an Engineered Plant Root Material (EPRM). Scherer mobilizes the
growth of plant roots into predefined patterns by introducing
obstacles in their growth path [15]. The interaction between
plants, roots, and their environment in search of nutrients [16]
Table 1
Examples of plants used in biodesign.

Rootbound by Diana Scherer is a d
plant root material. The piece was
Nature exhibition at the Victoria &

Baubotanik by Dr. Ferdinand Ludw
man-made scaffolds with trees, cre

Living Root Bridges by the Khasi a
are bridges whose structure and str
time.

Fullgrown by Alice and Gavin Mu
furniture from trees that are prune
of the desired product.
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has been labeled ‘‘plant intelligence” [17]. Zhou et al. expanded
on the application of plant intelligence to integrate 3D printed
structures with plant roots via inosculation (the combination of
multiple roots or branches into one ‘‘glued” structure) to create a
hybrid ELM self-sustaining 3D structure [18]. The systematic
exploration performed in developing these 3D structures expanded
the capabilities of the EPRMs. Nevertheless, little is known about
the mechanical properties of these materials.

The lack of information available on the mechanical properties
of EPRMs delimits their application potentials in design. When it
comes to living materials, this understanding can be achieved
through a combination of mechanical tests (see, for example
[10,19]). Interwoven is a novel ERPM, so there is no precedent to
dictate how it should be characterized. However, the random dis-
tribution of roots throughout the EPRM is analogous to the struc-
ture of fibers in non-woven textiles [20]. More specifically, the
structures formed by the random orientation of roots resemble
electro-spun fibers [21–23], so the test methods used for non-
woven textiles were taken as the basis for characterizing these
EPRMs. The dependence of the microstructure and performance
on the processing parameters is unclear, and understanding this
relationship is essential to finding a suitable application. This
knowledge gap is addressed by designing samples with different
grid patterns of which the size of the grid cell (Fig. 1) is varied as
described in the specimen preparation section.

Engineered living materials aim to tailor the material properties
of a living (micro)organism through physical or genetic manipula-
tion. This work characterizes the properties of a physical ELM
grown from plant roots. Through mechanical testing and digital
microscopy, new light is shed on the interactions that occur
between roots when forming EPRMs. The effects of different root
configurations and structures on stiffness and tensile strength are
analyzed in a comparative study. The introduction of agar-agar
improves the mechanical properties by acting as a biopolymer
matrix. The resulting ‘‘green composite” uses the root structure
as a natural fiber reinforcement [24].
ress made from Interwoven
displayed in the Fashioned from
Albert Museum.

https://carolineobreen.com/diana-scherers-
in-victoria-albert-museum-london/

ig are living buildings that fuse
ating a hybrid ELM structure.

https://www.archdaily.com/775884/
baubotanik-the-botanically-inspired-design-
system-that-creates-living-buildings

nd Jaintia tribes of Meghalaya
ength grows with the roots over

https://www.brokennature.org/living-root-
bridge-ecosystems-india

nro is a company that grows
d and ‘‘trained” to fit the shape
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Fig. 2. Setup for growing EPRMs under a growing light.

Fig. 1. Nomenclature for the different parts of the root structure.
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2. Materials and methods

2.1. Plant growth Setup

Plant root materials were grown according to Diana Scherer’s
proprietary methods. Oat seeds (Avena Sativa) (van der Wal Beheer
Fig. 4. Clamp used for com

Fig. 3. EPRM grown from Avena Sativa into grids wi

3

B.V., NL) were cultivated on a window sill (Fig. 2) for 14 days under
a combination of natural light and a growing light (Mars Hydro Pro
II Epistar 80, 165 Watt) for 8 h per day. The plant setup had three
components: (1) a digitally fabricated (i.e. 3D printed or laser cut)
template to guide the root growth, (2) Forflora universal potting
soil, and (3) 0.27 g/cm2 of seeds. Three different templates with
predefined square grids were used. For each template, the cell size
was different: 0.5 cm, 1 cm, and 2 cm (Fig. 3).

2.2. Specimen preparation

Tests were performed on five different root configurations to
quantify the effects of (micro)structure on mechanical perfor-
mance. The root configurations tested include three ‘‘root struc-
tures” (grids with cells either 0.5 cm, 1 cm, or 2 cm in length),
individual roots, and a biopolymer-matrix composite made from
agar-agar and a 1 cm root grid. After 14 days of growth, three ten-
sile coupons were cut out from each planar grid grown in each
template. Since, there is no standard procedure for testing the
properties of these EPRMs, the coupon dimensions of
25 mm � 150 mm were taken from the American Society for Test-
ing and Materials (ASTM) standard ‘‘Test method for breaking force
and elongation of textile fabrics” (ASTM D5035) [25]. All samples
were conditioned to ensure equivalent levels of moisture by drying
at least 24 h in the same environment they were to be tested
according to the standard ‘‘Practice for conditioning and testing
textiles” (ASTM D1776) [26].

The samples for testing the individual root and composite con-
figurations required extra steps in preparation. Continuing the
analogy of non-woven textiles, the properties of individual roots
in the structure were tested according to ASTM D3822 - the stan-
dard ‘‘Test method for tensile properties of single textile fibers”
[27]. Six individual root samples with a length of at least 20 mm
were extracted from a grid structure. Six agar-agar composite sam-
posite tensile samples.

th three cell sizes: (a) 0.5 cm (b) 1 cm (c) 2 cm.



Fig. 6. Setup for testing the tensile strength of a single root.
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ples were tested according to the ‘‘Test method for tensile proper-
ties of polymer matrix composite materials” (ASTM D3039) [28].

As a proof of concept to improve tensile properties, agar-agar
composites were produced with one of the templates. Agar-agar
is a gelling agent whose stiffness varies with the concentration of
the solution used. This study used a gel prepared with a ratio of
8 g agar-agar powder (Jacob Hooy & Co BV, Limmen, NL) to 1 L of
water. To prepare the solution, the powder was dissolved in boiling
water. As the solution cooled, it was poured into a mold that had
an outstretched 1 cm root grid coupon with the same dimensions
as above (Fig. 4). After five days of drying at room temperature, the
samples were removed from the mold as a thin, uniform coupon.

3. Mechanical testing

Three specimens of each root structure (Fig. 5) were tested with
a Zwick/Roell Z010 universal testing machine (Ulm, Germany)
applying a cross-head velocity of 15 mm/min (10 % of the sample
length) and a 1 kN load cell. After testing, a Keyence� VHX-7000
(Mechelen, Belgium) digital microscope was used on the cross sec-
tion of the samples to determine fiber density and identify
microstructural properties. This allows for a more accurate repre-
sentation of the effective cross sectional area while taking the
porosity of the samples into consideration.

The individual roots were tested using a dynamic mechanical
analyser DMA Q800 (TA Instruments, Newcastle, DE, United States)
in tensile mode (Fig. 6). This test mode was configured with a dis-
placement equal to 10 % of the gauge length of each sample in
accordance with the standard [27].

3.1. Root tip density

The differences in mechanical responses were corroborated
with a microscopic analysis of the samples. The aforementioned
Keyence� digital microscope was used to view the points of inter-
section between cells (henceforth referred to as vertices as defined
in Fig. 2). The yellow tips of individual roots were seen accumulat-
ing at the vertices of all root structures, so they were identified as a
microstructural phase of interest. In order to identify any possible
Fig. 5. Tensile test specimens for a) 0.5 cm b) 1 cm c) 2 cm and d) agar.

Fig. 7. Microstructural root tips identified in the vertex of a 2 cm grid. The arrows
point to the yellow root tips. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

4

correlation between the characteristics of the microstructure and
mechanical properties, all vertices in each root structure’s tensile
coupon were studied under the microscope. A constant magnifica-
tion of 50x was used to count the number root tips present (Fig. 7).
The average number of root tips per vertex (i.e. root tip density)
was then calculated for each sample and represented by the value
qtip.
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3.2. Density measurements

3.2.1. Material density
The density of each sample was derived from its mass and effec-

tive volume. Assuming that the individual roots approximate a
cylinder, the volume was calculated from the diameter and length
of the specimens. Unlike the roots, however, the root structures
had varying degrees of porosity. The degree of porosity was calcu-
lated by looking at individual cells under the Keyence� micro-
scope. The microscope’s postprocessing software can differentiate
between ‘‘phases” in an image (i.e. pores and roots) according to
brightness levels and calculate the area fraction taken up by each.
Using this software, the area fraction taken up by roots (vf) in the
grid cell was calculated.

Fig. 8 illustrates this calculation. The red square in the image
delineates the total area measured, whereas the dark spots (poros-
ity) are excluded from the calculation. The resulting fraction, vf is
used to calculate material density as follows:
Fig. 8. Example of a 1 cm cell used to calculate volume factor.

Fig. 9. Cross sectional micrograph with a) horizontally and b) ve

Fig. 10. Measuring the area factor - a) Horizontal root cross sectio

5

q ¼ m
L �w � t � v f

where:
rti

n

q - density [kg/m3]
cally oriented roots with respect to the loading dir

b) selected area of interest c) effective cross sectio
L - gauge length [m]

w – width [m]
 vf - volume factor [%]

m – mass [kg]
 t – thickness [m]
3.2.2. Cross-sectional fiber density
The volume factor that was calculated for each specimen, vf, is a

bulk property that is evaluated at the surface of the sample. To bet-
ter represent the load-bearing capacity of the tensile coupons that
were tested, a similar measurement was performed on their cross
sections. After testing, the samples were cut into thirds and the
four cross-sections produced by the cuts were analysed under
the microscope. Each cut produced two types of cross sections
whereby the roots were either horizontally or vertically oriented
(with respect to the loading direction) as seen in Fig. 9.

The porosity in the cross-sections was accounted for with a cor-
rection factor af (similar to vf). This correction factor is an average
of the fractional area covered by each of the four cross-sections per
sample. Though the vertically oriented root bundles are aligned
with the loading direction, it is unclear how the load is distributed
throughout the cross-section, so the average accounts for both ori-
entations. The procedure to calculate af is illustrated in Fig. 10 with
a horizontal root cross section as an example. An estimation of the
load-bearing cross-sectional area of each sample was then calcu-
lated with the equation below - where w and t are the average of
three measurements of width and thickness, respectively.

Aeff ¼ w � t � af
ection.

nal area.



Fig. 11. Stress–strain curves for each cell size.
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4. Mechanical property calculations

Stress–strain plots were derived from the force–displacement
data recorded during the tensile tests. These plots were then used
to calculate tensile properties such as yield strength, tensile
strength, elongation at break, and axial stiffness. The former three
properties are all derived from stress-strain curves. Axial stiffness
is dependent on the material’s structure and is not an intrinsic
material property. The stiffness is an indication of how much a
sample resists deformation under a load and is derived from the
force–displacement curve. Young’s Modulus was also calculated,
but only for individual roots and composite samples. This value
is similar to stiffness, but it is an intrinsic material property
derived from the stress–strain curves.

4.1. Stress

Tensile tests measure how much a sample elongates under a
force, but the intention is to monitor the strain as a response to
the applied stress. Converting the force–displacement data to
stress–strain normalizes the data so as to allow to compare mate-
rial properties regardless of the sample dimensions. Uniaxial engi-
neering stress is defined as reng = F/A, where the force response is
divided by the cross sectional area of the sample (usually calcu-
lated by the width*thickness). In this study, A is overestimated
with this calculation, which is why the af was used as a correction
factor. The effective cross sectional area Aeff = A*af is used to calcu-
late the reng values as well as the axial stiffness of each sample.

4.2. Axial stiffness

Axial stiffness is an extrinsic (dimension-dependent) property
that describes a material’s response to uniaxial loading. All root
structures are made from the same material (roots) that is
arranged according to the template they were grown on, so any dif-
ferences in mechanical properties will not be intrinsic to the mate-
rial. The axial stiffness k can be used to describe any perceived
differences and is calculated according to Hooke’s Law, seen below:

k ¼ Aeff Eroot

lo

The axial stiffness (N/mm) of each root configuration was calcu-
lated with the effective cross-sectional area Aeff, the elastic modu-
lus for roots, Eroot, and the gauge length lo.

4.3. Young’s modulus

Young’s modulus (E) is an intrinsic (dimension-independent)
property that should be the same regardless of the root configura-
tion in the samples. It is calculated from the slope of the linear-
elastic region of a stress–strain curve. In this case, Eroot is calculated
from the DMA curves. However, since E is a material property, the
introduction of an agar-agar matrix to form composite coupons
invalidates the use of Eroot. Instead, the Young’s modulus for these
composites Eagar is calculated from the stress–strain curves
obtained. This value was then used in the axial stiffness calcula-
tions of the composites.

4.4. Yield and tensile strength

Conventionally, the Yield Strength is the stress at which perma-
nent deformation of a sample begins and is delineated by the end
of the linear-elastic region. When used in design, this point is typ-
ically avoided to ensure that the design is not permanently
deformed to unintended dimensions. Since the exact point at
6

which the linear-elastic region is not easy to quantify, it is calcu-
lated by drawing a curve with the same slope as the modulus
slightly to the right of the sample’s curve. A 0.2 % strain offset
was used here, and the intersection between the two curves was
taken as the yield strength.

The tensile strength of a sample is easily read off of the stress–
strain curve as the highest point in the curve (i.e. its maximum). In
engineering materials, this is the point at which necking occurs
and a sample begins to fail/rupture.
4.5. Elongation

The horizontal axis of a stress–strain curve refers to strain,
defined as a ratio of displacement-to-gauge length. Gauge length,
lo is the original length between the clamps in a tensile machine.
This value was 75 mm for all tensile coupons, but lo for individual
roots varied with the length of the root. The amount of elongation
at failure is usually taken as an indication of how malleable or flex-
ible a material is. This point of final elongation is taken as the final
point on the horizontal axis.
5. Statistical analysis

Statistical analyses were performed on the retrieved data to
evaluate the significance of the results. An analysis of variance
(ANOVA) was performed on the axial stiffness, yield strength,
and elongation at break of all root configurations, as well as the
root tip density of each structure. The ANOVA values were then
used for a post-hoc Tukey’s range test (p � 0.05, n � 3), where p
is probability number and n is the number of samples.
6. Results

6.1. Root configurations

Of the five root configurations tested, the single root configura-
tion was strongest. It was three orders of magnitude stronger than
the 2 cm cell structure, which was the strongest of the root struc-
tures. The average yield and tensile strength of single roots were
99.67 ± 52.129 MPa and 124.750 ± 53.238 MPa, respectively. The
same values for the 2 cm cell grids were 0.234 ± 0.018 MPa and
0.281 ± 0.036 MPa (Fig. 11 and Table 2).



Table 2
Overview of root configuration properties (±standard deviation). Letters indicate statistically significant differences with corresponding configurations at p � 0.05.

Configuration Fiber volume
(%)

Density (g/
cm3)

Axial stiffness (N/
mm)

Yield strength
(MPa)

Tensile strength
(MPa)

Elongation at break
(%)

Root tips per
mm2

0.5 cm cella 74.04 ± 13.26 0.176 ± 0.025 17.45 ± 5.83d,e 0.171 ± 0.064 d,e 0.283 ± 0.184 d,e 7.356 ± 4.632 d,e 0.1365 ± 0.070b-c

1 cm cellb 76.42 ± 8.89 0.125 ± 0.011 19.95 ± 2.84d,e 0.163 ± 0.063 d,e 0.189 ± 0.072 d,e 5.752 ± 3.554 d,e 0.1354 ± 0.068a

2 cm cellc 75.13 ± 11.15 0.116 ± 0.006 23.75 ± 4.46d,e 0.234 ± 0.018 d,e 0.281 ± 0.036 d,e 1.486 ± 0.485 d,e 0.5677 ± 0.181a

Agard 1.00 0.259 ± 0.045 0.784 ± 0.191a-c,e 2.236 ± 1.151 a-c,e 3.308 ± 1.191 a-c,e 8.409 ± 10.272 a-c,e

Single roote 1.00 2.342 ± 0.841 0.027 ± 0.012a-e 99.667 ± 52.131a-e 124.75 ± 53.238 a-e 3.249 ± 0.750a-e

Fig. 12. Single root stress–strain curves (from DMA).
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6.2. Single roots

The elastic modulus of individual roots, Eroots, was calculated
from the slope of the curves seen in Fig. 12. The average value
for Eroot, was 54.10 ± 19.88 MPa. This average is the value used in
the calculation of axial stiffness.

6.3. Axial stiffness

A glance at Table 2 suggests the 2 cm coupons were the stiffest,
while the 5 mm coupons were the least stiff root structures (23.7
Fig. 13. Average root tip density a) per sample and b) correlated with axial stiffness
(linear regression).
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5 ± 4.46 N/mm and 17.45 ± 5.83 N/mm, respectively). However,
Fig. 11 shows how Sample 1 of the 5 mm coupons had a compara-
ble tensile response to the strongest 2 cm coupons. Given this large
spread of the data and limited sample size, statistical analysis
revealed that these averages cannot be considered different with
a statistical reliability of 95 %. On the other hand, the stiffness of
the agar-agar coupons and the single roots were much smaller
because of dimensional differences (recall that stiffness is an
extrinsic property).

6.4. Root tip density

The average root tip density of each sample, qtip, varied within
each root structure and could be correlated to the axial stiffness
(Fig. 13). The root tip density of the 2 cm cell grid was 4 times that
of the other structures with an average of 0.568 ± 0.181 root tips /
mm2, while that of the 0.5 cm and 1 cm grid cells was 0.137 ± 0.070
(24.12 %) and 0.135 ± 0.068 (23.76 %) root tips/mm2, respectively.
The latter two densities were not statistically different from each
other, as can be corroborated from Fig. 13a. The linear regression
in Fig. 13b suggests a possible correlation between root tip density
and axial stiffness, but the correlation between qtip and structure is
less evident.

6.5. Agar-Agar matrix composites

Agar-agar was introduced to a 1 cm cell grid as a biopolymer
matrix with the intention of improving the performance of the root
structure. When compared to the 1 cm root structure, the agar-
agar matrix increased the average yield and tensile strengths by
an order of magnitude to 2.23 ± 1.151 MPa and 3.308 ± 1.191
Mpa, respectively (Fig. 14). The slope of the linear elastic area of
the curves in Fig. 14 was used to calculate Eagar, and thus, axial
stiffness. Note that, while there are two samples that overlap



Fig. 14. Stress–strain curves for the composite samples.

Fig. 15. Yield-density curve adapted from [30] with the current work’s data
superimposed to compare EPRMs to other materials.
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almost exactly, and there is still plenty of differences in perfor-
mance, the slope of Eagar = 2.705 ± 0.571 MPa exhibits less scatter
for the Agar-Agar Matrix composites than the pure roots
structures.

6.6. Density

The density values had an inverse relationship with the size of
the grid’s cells (i.e. the largest cell size was the least dense). The
addition of agar-agar not only improved load distribution, but it
also effectively doubled the density of the composite to 0.259 ± 0.
045 g/cm3. Finally, the single root was the densest configuration
with a density of 2.342 ± 0.841 g/cm3. This range in densities were
all plotted in the yield strength-density curve seen in Fig. 15 to
8

show how the plant root materials compare to more common engi-
neering materials. With minimal differences in density, the three
root structures behave mainly like foams do, likely because of their
high porosity.

The increased performance in agar composites best compares to
other natural materials and some foams, but the individual roots
are the ones that best hold up with other engineering materials.
The large spread in data places its properties anywhere between
polymers and elastomers to ceramics and composites. This is con-
sistent with other plant fiber reinforced composites, which are
becoming increasingly attractive because of their high specific
strength (strength/density) [29].
7. Discussion

The characterization of the ERPMs suggests a connection
between microstructure, root configuration and mechanical per-
formance. From the microscopic analysis, it is clear that changes
in the root configuration affect the root tip density at grid vertices.
Root tips are a microstructural feature whose presence was largest
in the most stiff root structures, which could be used as an indica-
tion of mechanical strength in an EPRM. The mechanical strength
of the material is strongly dependent on load distribution within
the root structure, of which the root tip density at vertices repre-
sents a crucial structural parameter. However, the relationship
between the root configuration and the root tip density remains
unclear due to the stochastic nature of the material. Though the
2 cm cells produced the stiffest structures and the highest root
tip density, the correlation between qtip and axial stiffness shown
in Fig. 13b is not statistically significant with a statistical reliability
of 95 %. Because of the small sample size of each root structure, it is
difficult to identify outliers as such within the given data set.
Assuming the perceived positive correlation is true, the precise
functional relation between qtip (as an aggregate structural param-
eter) and the mechanical strength remains unknown. Deciphering
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the relationship between root configuration and root tip density is
key for designing the properties of plant root materials. Further
investigation is necessary to clarify the role of a vertex with more
root tips in defining mechanical strength. A vertex with more root
tips could be an indication of complex root entanglement, or it
could hint towards more roots being present in the root structure.
Though its detailed exploration exceeds the scope of this investiga-
tion, it should be noted that there might be a biological explanation
behind the observed phenomena.

More roots in the structure do not necessarily translate to a
stronger material. In fact, a higher density was associated with
smaller cell size and it led to a lower axial stiffness. Root structures
are composed of an entanglement of root networks that transfer a
load between them when pulled. The entanglement of roots at a
vertex plays an important role in performance, but it has not been
thoroughly studied yet. When performing tensile tests, the clamps
pull on (at least) two separate root networks that are loosely linked
by other intermediate networks. The load transfer between these
networks is less efficient than pulling on one individual root. Indi-
vidual roots were much stronger than any of the root configura-
tions tested because the test was performed on a structure that
was unified at both ends. By pulling on one single root (rather than
a network), the load distribution remains uniform. The loss of effi-
ciency observed when dealing with a root network hints at the
complexity of root-to-root interactions, especially at the vertices.
Each observed root tip is a part of its own entangled network,
yet it is still unclear how a uniaxial load is transferred from one
end to the other, given the complex nature of the network. A pre-
cise quantitative understanding on how the root structure
responds to an external load will require (i) a precise knowledge
on the organic interconnectivity of the root structure and (ii) an
accurate numerical model (such as e.g. a Finite Element model)
to calculate how loads are distributed over the structure.

The agar-agar matrix also affects mechanical behavior. Agar-
agar proved to be a suitable strengthening mechanism because it
increases density and eliminates the high porosity of the root
structures. The matrix distributes the tensile load more uniformly
throughout the test coupon, which further implies that the low
performance seen in the root structures are a consequence of poor
load distribution. Despite the increase in strength, it is unclear how
the presence of agar-agar impacts the microstructure. Once poured
over the root structure, the agar-agar gel inevitably alters root tip
interactions. Further research on the microstructure of these com-
posites is necessary to verify the effect of root tip density qtip on
mechanical properties since they are one of the parameters in
EPRM processing that can be tuned through design.
8. Future work

The exploratory investigation presented here was focused on
only changing two design variables in the production of EPRMs -
root structure design (cell size) and composite design. There are
many more parameters to be studied. Scaling up the size of the grid
is likely to yield different results, while increasing the number of
samples tested will increase the statistical reliability of the data.
Since the templates for the root structure design are digitally fab-
ricated, the form freedom available when designing plant root
materials is vast. Changes in the template pattern (whether it be
non-uniform cell sizes or a more organic pattern) must also be
studied to fully understand the potential for these materials. Com-
posite design was only introduced to test the improvements that a
solid matrix would provide to the root structure’s properties (this
is why only one root structure was tested). There is much more
to be explored in the composite design, such as the type of matrix
used, matrix concentration (of agar, for example), and the impact
9

of different cell sizes on the composite’s properties. Finally, there
are likely other parameters that were outside of the scope of this
exploration, namely those leading towards a better understanding
of the biological factors that determine the EPRMs properties, that
will inevitably impact the relevant design parameters in future
studies.

Both root structure design and composite design can be altered
to tune the mechanical properties of EPRMs, to a degree. There is
not enough information on why or how root tip density improves
the mechanical properties. Understanding this relationship is key
to designing the properties of the material. Once it is possible to
control root tip density across the root structure, advanced model-
ing techniques (such as finite element methods) can be paired with
digital fabrication to fully customize the properties of these plant
root materials.
9. Conclusions

This study characterizes the properties of plant root materials
through a series of tensile tests and digital microscopy. The charac-
terization systematically follows the standard testing methods for
non-woven textiles, whose structure is analogous to that of the
EPRMs. The load distribution of the root structures is much poorer
than that of single roots because of the interactions between roots.
The introduction of a biopolymer matrix vastly improves the
mechanical properties because of better load distribution. Root tips
were identified as a microstructural phase whose presence is an
indicator of relative strength between samples. The 2 cm root
structures that had the highest root tip density (0.568 ± 0.181
roots/mm2) also had the highest yield strength of 0.234 ± 0.018 M
Pa. While the role of root tips in forming the strength of the ERPMs
is not yet fully defined, they are paramount for designing their
material properties. Since root structure design impacts root tip
density qtip and composite design improves load distribution, both
parameters can be used to tune the properties of the ERPMs and
improve their feasibility as alternatives to conventional foams
and/or other natural materials with similar properties.
Glossary.

� Engineered Plant Root Material (EPRM) - planar plant root
grids developed with the Interwoven method developed by Diana
Scherer.

� Root configuration - design parameter that controls root
entanglement in EPRMs, ranging from an individual root to the
various networked root structures.

� Root structure - planar network of roots grown into a prede-
fined pattern using the Interwoven method (in this work: 0.5 cm,
1 cm, and 2 cm cell grids).

� Grid structure - root structure patterned with a grid of
squares grown in one of three templates.

� Cell - a single square unit from the grid structure.
� Vertex - point of intersection between multiple cells.
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