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ARTICLE INFO ABSTRACT

Keywords: Trees can adapt to external loads and form inosculations (self-growing connections), where stems or branches
Adaptive growth naturally fuse together. However, a limited understanding of biomechanical features of connections hinders
B‘"ld"Ig with nature their practical applications. This study used connections formed by Ficus benjamina L. to investigate their
Inosculation

mechanical properties at different growth levels. Two parameters (fusion degree and interface curvature) were
identified to describe growth levels. Customized tensile tests were designed to measure mechanical properties
perpendicular to the interconnected surface. Growth levels of studied connections ranged from initial formation
to almost fusion of piths, which provided a range of tensile strength of 0.23 to 1.38 MPa. Two primary failure
modes (failure at the interface and failure across the stems) were found to be linked to growth levels. The
fusion degree, at approximately 15%, contributed to distinguishing failure modes. The average diameter of a
connection had the most significant effect on its tensile strength and stiffness. Moreover, the interface curvature
correlated negatively with mechanical properties. Average diameter, interface curvature, and fusion degree
were effective predictors of connections’ tensile strength. Regarding Ficus connections, dry connections were
stronger than wet connections. These findings provide evidence for nature-based design using self-growing
connections under different moisture conditions and growth levels.

Self-growing connection
Tensile strength

1. Introduction The interface of a connection is important for its structural and
hydraulic connectivity, as well as the developmental growth. Based on

The adaptability of trees allows them to optimize their morphology previous findings [9,10], when two stems fuse, the contact area creates

in response to environmental loads (e.g., wind, ice, or snow loading, a 3D saddle-shaped interface (Fig. 1b). In contrast to the linear and
as well as movements of animals) [1-5]. For instance, under wind regular elements of traditional structures, this irregular shape poses
loads, plants typically respond to these stimuli by shortening stem challenges in understanding its growth characteristics and mechanical
elongation and increasing radial growth. This adaptation reduces the properties. In a natural environment, as studied in [12] and presented

slenderness ratio of the stem in order to enhance stability [4,5]. Based
on this adaptive growth, trees can incline their stems and fuse with
neighboring trees for mutual supports, which results in the formation
of inosculations (self-growing connections) between trees [6-9]. During
this growing process, trees undergo various changes, from cellular
alterations to adjustments in stem geometry [3,4,10,11]. Previous re-
search [6,9,10] has focused on the characterization of the growth
characteristics of self-growing connections fused by Ficus benjamina L.
(Fig. 1a). However, the mechanical properties of these connections
are not well understood, which raises doubts about their potential
applications.

in the image ([6, Fig. 91), when the intersecting stems of two trees are
considered as a structural system, the forces transmitted through the
canopy and stem from wind, rain or snow will occur in the nodal region
as bending moments, torques, and shear forces simultaneously. This
results in a complex stress environment at the interface in combination
of shear, tensile, and compressive stresses. To investigate the interface,
it is important to understand the material’s composition, morphology
and geometry in this area.

Regarding the material composition in this intersected area, tension
wood is identified, which is accompanied by an expanded volume and
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CS1 CS2 CS3

Fig. 1. Structural and growth features of self-growing connections in Ficus benjamina L. according to previous studies [9,10]. (a) Overview of Ficus trees with a planar pattern; (b)
Illustration of the 3D saddle-shaped interface formed between two stems (stem1 and stem2); (c) Detailed view of the merged fibers (left, black circle) and defects (right, red circle)
at the interface of the self-growing connection; (d) Cross-sections (CS1, CS2, CS3) of a self-growing connection, indicating the distance between piths and variations in diameter
across different sections. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

optimized distribution of biomass [10]. This optimization allows for a
smooth transition in the intersected area and thus reduces stress con-
centrations. Meanwhile, it simultaneously connects the growth of two
stems (Fig. 1c) [9]. However, according to previous research [9,10],
the fiber structure within the interconnected region is not constantly
continuous. Continuous fiber tissues are found mainly in the larger
transition regions, which guarantees structural and hydraulic integrity
(Fig. 1c, area in a black circle). In contrast, in the smaller transition
(Fig. 1c, area in a red circle), few continuous fiber tissues are observed,
which makes this area vulnerable to splitting. Thus, material defects are
considered in this corner in terms of mechanical integrity. In this cir-
cumstance, for a natural wood connection, its tensile and shear capacity
perpendicular to the intersected surface is crucial to determining its
mechanical limits. In other words, the interface is considered weakest
in the transverse loading direction due to deviated fiber structures and
defects at corners.

However, measuring the mechanical properties of self-growing con-
nections is challenging because of their complex geometry and fiber
morphology, as well as different growth levels. Currently, to the best
of the authors’ knowledge, there is no standardized loading method
to comprehensively assess these properties [13,14]. At the material
level, testing small wood samples (less than 20 mm in dimension)
above fiber-saturated moisture is difficult to prepare proper coupons
and ensure accurate measurements. At the connection level, transverse
loading tests (i.e., tensile out-of-interface) on irregular connections
present numerous challenges. The centerlines of the stems are not
aligned in a plane because two single stems have a certain diameter
before the formation of a connection. Consequently, this tends to cause
an eccentricity when the connection is loaded. Moreover, variations
in cross-angle and diameter require flexible clamps. Furthermore, the
loading scheme requires forces to transfer effectively to the interface.

Therefore, a loading setup that can be adapted to the varying size of
connections needs to be designed. Regarding the measuring method,
the three-dimensional digital image correlation (3D DIC) is suitable
for measuring deformations and strains on irregular surfaces, such as
trees [15,16]. Apart from that, considering the impact of the moisture
content is crucial, as saturated wood strength is usually considered
lower than dry wood. This is related to the mechanical potential of
connections in different moisture environments.

The key to understanding the biomechanical performance of a
connection lies in linking growth levels to mechanical properties. Re-
garding developmental growth levels, it is found that the volume,
morphology, and composition of the merged fibers play the vital role
(Fig. 1c) [9]. These aspects interact with each other during the for-
mation of merged fibers. Furthermore, the amount and orientation
of these merged fibers are difficult to quantify in a nondestructive
manner. Previous research [10] suggests that the distance between
piths (marked in red in Fig. 1d) is correlated with growth levels. The
middle location of a connection (CS2) is argued to indicate the position
where the fibers are optimally merged between the stems. Therefore,
the correlation between geometric dimensions and fiber structures can
provide a way to quantify the characteristics of the connected fibers.

Thus, to measure, analyze, and predict the biomechanical perfor-
mance of self-growing connections, the research objectives of this paper
are organized into several steps:

+ Identify parameters to quantify the developmental growth levels
of a connection following previous research [10].

» Design mechanical tests to measure the strength, stiffness and
load-carrying capacity of connections.

+ Analyze the difference in failure mechanisms for different levels
of growth.
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Table 1

General braided information and testing details of braided tree structures.
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General information D Full height (mm) Net size (mm) Number of tests
E:Z 2/}; Net width: 200-250; Z

Small braided trees Tree SC 1200-1300 Net height: 600-650; 6
Tree SD Interval length: 50-150. 6
Tree BA 14

Big braided trees Ezz g]é Net width: 300-350; 1:

J Tree BD 1800-2000 Net height: 800-850; 18

Tree BE Interval length: 100-200. 18

Dry braided trees Tree DA 9

Total 10 - - 113

« Establish a predictive relationship between growth-related param-
eters and mechanical strength.

The adaptive growth and optimization of trees allow them to main-
tain structural integrity while achieving efficient water transport. This
offers valuable insights for bioinspired design in engineering.

2. Materials and methods
2.1. Self-growing connections in different conditions

This research investigated the biomechanics of self-growing connec-
tions formed by Ficus in a planar braided pattern (Fig. 1a) following
previous research [10]. A total of 10 braided tree structures of varying
net sizes were utilized. They provided connections at different levels
of growth. Table 1 provides details on the braided information of the
trees studied. The net size was measured as shown in Fig. 1a. The
small braided trees had smaller mean stem diameters of approximately
16 mm, while the big braided trees had mean diameters greater than
20 mm. Each braided tree structure consisted of six stems braided in
pairs, creating self-growing connections at intervals of 50 to 200 mm.
The connections were studied under two moisture conditions: dry and
wet. Wet or green connections were tested immediately after they were
cut from the trees. Dry connections were taken from dead trees and
kept in a climate-controlled room (21 °C, 65% relative humidity) until
the moisture content reached 12%. Green connections were stored in a
refrigerator at O to 7 °C and covered with a moist cloth soaked in 50%
ethanol solution to preserve the moisture content.

The spatial location of a connection may influence its growth condi-
tion due to variations in the distribution of biomass and wood proper-
ties along the height of the stems. Therefore, the schematic illustration
of Tree BA (Table 1) was represented the method to describe its
spatial morphology (Fig. 2). As shown in Fig. 2a and b, stems were
labeled sequentially from left to right; and connections were labeled
from left to right and bottom to top to distinguish the spatial loca-
tion of each connection. Thus, connections were classified into three
regions: lower (1-7), middle (8-14), and upper (15-21). This aims
to determine whether the strength varies significantly between these
growing regions. The diameter fluctuations and coefficient of variation
(CoV) in each stem were further analyzed, as presented in Fig. 2c
and d. The analysis confirmed previous results that the production of
connections influenced diameter variations more significantly than the
tapered shape of the stem [10].

2.2. Measurements of influencing parameters on mechanical properties

To accurately quantify the factors that influence the mechanical
properties of the Ficus connections, several parameters were measured.
These included basic density, moisture content, diameters, diameter
ratio, cone ratio, interface area, and cross-angle of a connection. Most
importantly, the parameters specific to the growth levels were also
evaluated, which included the fusion degree and interface curvature.

Basic density (p): The basic density in this study was calculated as
the ratio of the dry mass (wood mass) to the green volume, as shown
in Eq. (1). Given the irregular shape of the connections, the water
displacement method was used to measure the volume. A freshly cut
connection was inserted into a beaker filled with water. The volume
of water displaced by the connection was considered its green volume.
The green mass was determined immediately after cutting the connec-
tion from the tree. Following mechanical tests, connections were dried
in an oven until a constant dry wood mass was achieved, in accordance
with EN13183 standard [17].
=24 W

Ve

where p represents the basic density of a connection, in kg/m3; My and
V, denote the dry mass and green volume, respectively.

Moisture content (MC): The moisture content was measured by
dividing the mass of water in the connection by the dry wood mass,
expressed as a percentage in Eq. (2).

My — My

MC = ———— x 100%, (2)
Mgy

where M, denotes the green wood mass.

Cross-angle («): This angle was measured between the center lines
of the stems, as shown in Fig. 3a. The smaller angle was referred to as
the cross-angle of a connection. The cross-angle for the samples ranged
from 25 to 90° due to the angle limits of the clamps in the mechanical
setup.

Diameter (D), cone ratio (R.,,.), diameter ratio (Ry;,): Diameters
of each stem were measured on four sides of a connection: D;;, D;,,
Dy, and D,,. These measurements were taken 2 to 3 cm from the
interface to avoid the enlarged volume near the intersected region [10].
The cone ratio for each stem was calculated by dividing the smaller
diameter by the larger diameter. The smaller ratio within two stems was
consistently used in subsequent analyses, because the variation in cone
ratios across the tested connections was less than 5%. The diameters
measured on the two sides in a stem were averaged to determine
its diameter. Similarly, the diameter (D,,,) of a connection was the
mean of stem1 (D;) and stem2 (D,). Therefore, the diameter ratio was
obtained from the division of the maximum stem size (stem1) divided
by the minimum stem size (stem2).

2.3. Parameters describing developmental growth levels

As shown in Fig. 3b, the distance measured at the center and
between the edges of two stems in the xy plane was referred to as the
fusion depth (F). The difference between the sum of the diameters of
two stems and the fusion depth was then referred to as the net fusion
depth.

Fusion degree (F,): It was defined as the percentage of the net fu-
sion depth relative to the mean diameter in the connection, as expressed
in Eq. (3). The calculation was based on the assumption that combined
growth occurs at the interface, as discussed in Fig. 1d and [10]. As a
result, the size difference between the interface and diameters of stems
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(C) Stem (S) Average diameter CoV

Taper ratio

1D (mm) (%)

S1 21.4 16.6 1.26
S2 16.5 9.5 0.71
S3 26.4 13.6 0.82
S4 24.4 12.8 0.91
S5 24.9 6.2 1.11
S6 24.5 5.7 0.90

(d)

Diameter, in mm

1 2, 3 4 5 6 ] 8
Interval locations

Fig. 2. Spatial morphology and diameter analysis of Tree BA. (a) Schematic illustration of Tree BA with spatial locations of stems and connections. Stems are labeled sequentially
from left to right (S1 to S6), and connections are labeled from bottom to top (1 to 23); (b) Detailed diagram of the braided structure with the location of the connection and the
respective diameters of the stem at those points; (c) Average diameter, coefficient of variation (CoV), and taper ratio of each stem; (d) Graph showing the diameter fluctuation of

each stem across different interval locations.

interface

_ D11+D1p _Di+D;
Dl - 2 Davg T

_ D214D33 Ry =Pz
D, 2 dia =

stem]

=DatDpF x 100% (d)

interface outline

Y
stem] ¥ A>l
z

(e) C Aproj
. = x 100%
projected area, 4, Acurved ’

interface

z interface outline  (curved area, 4

curved)

Fig. 3. Measurements on the geometric parameters of a self-growing connection. (a) Measured parameters of a connection, including diameters of four stem parts (D;;, D;,, Dy,
Dy,), cross-angle (a), and the calculation of average diameter (D,,) and diameter ratio (Ry,); (b) Measurement method for the fusion degree (Fg); (c) Construction of the loading
plane for a connection; (d) Projection relationship between the interface area (A, q) and the loading plane (plane xy); (e) Projected area (effective area, Aproj) onto the interface

to calculate the strength and the interface curvature (C) of a connection.

indicated the extent of combined growth. In other words, the fusion
degree described the extent to which one stem grows together the other,
representing the connection’s growth level.

_ Dy +D, -

F
Fy > x 100%, 3

avg
where Fy denotes the fusion degree of a connection, in %; D;, D,, and
D,y mean the diameters of steml, stem2 and the mean of two stems’
diameters; and F is the measured depth of fusion.
To measure the interface, scanner equipment (HandyScan 3D,
Creaform) was utilized to measure the curved area (A yeq), With a
resolution of 1 mm. The outer layer of a connection was obtained

from scanning, as shown in Fig. 3¢, and subsequently the data were
processed using VXElement to create a mesh model from the point-
cloud data. The edge of the connected area (Fig. 3d) was manually
identified as a cutting curve to separate two stems and expose to the
interface. The 3D surface was reconstructed by selecting the nearest
three points to generate a mesh with a resolution of no less than 5 mm?.
Consequently, the curved area was formed and measured (Fig. 3e).

Projected area (A;): The mapped plane xy was the mechanical
loading plane constructed by the center line of one stem with a normal
vector perpendicular to the other center line of another stem. The
curved interface was then projected to this plane, and the resulting
planar surface was measured as the projected area.
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top support

Fig. 4. Experimental setup for tensile out-of-interface tests. (a) Overview of the tensile setup with two rotatable clamps, a force sensor, and DIC for measurements; (b) Details of
the top clamp which is not movable in the vertical direction; (c) Details of the bottom clamp which applies forces to the connection by moving in the z direction; (d) Schematic
representation of the tensile load transfer on the connection. The forces (F) are applied through pin support points (A, B, C, and D) within the adjustable distances (Lag, Lcp)-

Interface curvature (C): It was derived from the ratio of the pro-
jected area to the curved area, as expressed in Eq. (4). It was proposed
as a parameter to describe the shape of the interface. Physically, it
explained the percentage of the area that a connection can mobilize
when resisting an external force.

A .
— P % 100%, 4

curved

where C represents the interface curvature of a connection, which is
the unitless area ratio; Ay, and Acyryeq denote the measured areas of
the projected and curved surfaces, respectively, as explained in Fig. 3.

After the tensile test and the oven drying process, the fiber structure
of the connection was examined by CT scanning (Phoenix Nanotom,
180 kV, 0.5 mA, with a resolution of 60 pm), as well as visual inspection
after debarking. The examination focused on the merged fibers within
the failure plane after the tests.

2.4. Tensile out-of-interface tests and mechanical properties

2.4.1. Tensile out-of-interface test setup

The tensile out-of-interface setup was designed with adjustable load-
transfer clamps, as seen in Fig. 4. Two adjustable rails were fastened to
the moving platform at the bottom and connected the load cell at the
top, which provided a spatial four-point loading system, as illustrated
in Fig. 4b and c. The analysis utilized 3D DIC cameras to gauge the
interfacial region, with the ARAMIS (GOM, Germany) program used to
assess deformations.

The schematic explanation of the load transfer pathway is presented
in Fig. 4d. The tensile forces exerted by the supports (simplified as
pins at points A, B, C, and D) were transferred to the interface of a
connection. The distance L,y and L¢p, represented the load spans in two
stems. These loading spans, excluding the interface width, were limited
to twice the diameter size. The average ratio of span to diameter on
each side of the stem was 0.88 with a CoV of 47%. This ensured that
the forces conveyed to the interface were effectively treated as tensile
forces acting on it. Controlled by a bottom loading platform, tensile
testing was performed applying displacements. The platform moved at
a constant velocity of 0.02 mm/s. During testing, the top clamp (located
at A and B) remained immobile. The deformations of the connection
were quantified by averaging the displacements at the loading points
C and D. The measured deformations were at loading points C and D,
and the local elongations were measured at the interface according to
the shape of the connection, which will be explained in the result.

2.4.2. Determination of mechanical properties

The deformation curve of a connection could generally be divided
into four regions: initial consolidation, elastic region, cracking region,
and failure region, as shown in Fig. 5a. More detailed description
will be presented in the Results section, according to different growth
levels of connections. The maximum load (F,,) for a connection under
tension was marked as point P in Fig. 5b. Points E and Q represented
the 80% maximum loads during the ascending and descending stages
of the deformation curve, respectively. Point M was where the force
reaches 0.1F, while point N corresponded to 0.4F . The tangent
drawn between the points M and N was used to calculate the elastic
stiffness (K,) of a connection. In addition, the initial stiffness (Kq) was
determined from the slope between the point M and the original O.
Furthermore, from the peak point P to the original point O, the scant
value of this region was determined as the peak stiffness (Kp). The
expression for three stiffness can be found in Eq. (5).

04F, —0.1F,
K. = M’ (5a)
Sy -8
04F,
0= —2=, (5b)
e S4
F,
K,= 2, (5¢)
Sm

where K, K¢, and K, represent the elastic stiffness, initial stiffness,
and peak stiffness, respectively. F , is the maximum force and its corre-
sponding deformation is S,. S, and S; are the deformation correspond
to the force at 40% of F, and 10% of F,, during the ascending process,
respectively.

Tensile stresses were assumed to be evenly distributed in the pro-
jected area of the connection interface. Thus, the tensile strength of a
connection, which was also considered as the effective strength, was the
division of the maximum force by the projected area of the connection,
expressed as Eq. (6).

F,
r=7 =, (6)
Proj
where f denotes the strength of a connection, in MPa; F,, refers to the
maximum force from the loading curve, and A, ; means the projected

area of the connection.

Proj

2.5. Statistical analysis

Connections taken from different braided trees (see Table 1) may
exhibit variations in properties (e.g., density and moisture content) due
to differences in tree growth conditions (e.g., nutrition levels). To this
end, a one-way ANOVA was performed to analyze parameters, such
as density, moisture content, and cross-angle, to determine whether
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Fig. 5. Schematic illustration of the load—displacement behavior. (a) Representation of the load-displacement curve including regions of initial consolidation, elastic region, cracking
region, and failure; (b) Details on the key points to determine mechanical properties (maximum load F, initial stiffness K, elastic stiffness K., and peak stiffness K ).

there were significant differences between braided tree structures. If the
results were not significant, it would indicate that all connections could
be reasonably analyzed further without considering the differences in
their origin of growth. Furthermore, the obtained tensile strength of
the connections was analyzed according to the spatial locations, with
ANOVA distinguishing differences in lower, middle, and upper regions
in the net of a braided tree structure. During this process, only green
connections were included.

To describe the characteristics of the parameters measured from
the connection, K-S tests were implemented. Nine parameters were
examined, including the cone ratio, average diameter, diameter ratio,
projected area, fusion degree, interface curvature, tensile strength,
stiffness, and maximum load. This analysis was prepared to support
further development of the prediction model for strength.

Before establishing the strength prediction model for the connec-
tions, the correlation between the measured parameters was analyzed
and quantified using the coefficient of determination (). A negative
r indicates a negative relationship between two variables. When r is
equal to 0, it means that there is no relation between the variables. An
absolute value of r between 0.25 and 0.5 indicates a weak relationship.
Between 0.5 and 0.75, a moderate relationship, and greater than 0.75
a strong correlation. Based on the results, different combinations of
predictors were employed to compare and correlate with strength using
multiple linear regression analysis.

3. Results and discussion
3.1. Description of the influencing parameters

Among the braided tree structures, the density showed weak sig-
nificance and the cross-angle did not show significant differences,
as indicated in Table 2. Thus, it can be assumed that there are no
differences between braided tree structures. In contrast, the moisture
content showed a noticeable difference. However, considering that the
moisture content within the connections (more than 120%) is above
the fiber saturation point, its influence on the material properties is
assumed to be negligible. Therefore, it is considered reasonable to ana-
lyze connections from different trees for the comparison of mechanical
properties. In addition, it can be assumed that the fibers of connections
have similar material properties.

The results of the K-S tests are presented in Table 3. The results
proved that all collected data were from normal distributions. The
data of cone ratio showed slight variability (CoV 7.7%). However, the
projected area (CoV 36.4%), fusion degree (56.9%), and maximum load
(44.6%) showed considerable variability. Fusion degree and interface

Table 2
ANOVA results for parameters of braided tree structures.

Description Null hypothesis: No difference among tree structures;
Significance level: 5%.

Parameters F-value p-value Hypothesis

Density, kg/m? 2.42 0.06 Accept

MC, % 38.58 2.30e-15 Reject

Cross-angle, degree 0.54 0.71 Accept

curvature are crucial indicators of the growth levels of the connections;
and the high variability in the fusion degree (56.9%) indicates that
the analysis covers a range of growth levels, which is important to
understand how the tensile strength evolves as the connection matures.

The distributions of diameter, interface curvature, fusion degree
and tensile strength are plotted in Fig. 6. The morphology of the
connections tested ranged from conditions where two stems were just
connected in the bark to conditions where two centerlines of two stems
were nearly in a plane. In the first case, the interface curvature can
be considered to be close to 100% as the curved interface is nearly
flat. In contrast, in the second case, when the two stems completely
overlap, e.g., with a 90° cross angle, the interface curvature converges
to around 30% when piths of stems overlap. Practically during the
fusion process, if the tree stems fuse at a diameter of 2 mm and grow to
a diameter of 20 mm, when a complete and sound fusion and co-growth
is considered, the fusion degree converges to approximately 80%. This
analysis attempts to point out that the ranges of growth parameters
and mechanical properties are related to almost all growth levels.
In other words, these ranges represent the development process of a
connection in the course of its growth. In particular, the fusion degree
studied ranged from —14.6% to 73.2%. Negative values in fusion degree
were inevitable due to the stochastic and irregular growth pattern of
trees; and it indicated that the connections did not merge well in the
middle part and that the reaction wood may have caused an increase
in volume, as discussed in [9,10].

In the measured connections, assuming that the analysis covered
the full range of growth, it can be argued that the strength interval of
a connection ranged approximately from the strength of the bark to the
strength approximate to the wood fibers, from 0.23 to 1.38 MPa. The
mean specific density of the connections studied was 0.332 g/cm?® with
a CoV of 12%. Limited research has been conducted on the strength
of Ficus wood; therefore, reference is made to species with a specific
density between 0.3 and 0.36 g/cm?, such as spruce, fir, and cedar,
which have tensile strengths perpendicular to the grain of 1.5, 1.2, and
1.9 MPa, respectively [18]. It can be estimated that the strength of
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Descriptive statistics and K-S tests results for parameters of self-growing connections.

Description Null hypothesis: Tested data comes from a standard normal distribution;
Significance level: 5%.
Parameters Mean CoV (%) [min, max] p-value Hypothesis
Cone ratio 0.91 7.7 [0.80, 1.00] 0.087 Accept
Average diameter, mm 20.1 15.9 [12.3, 26.8] 0.753 Accept
Diameter ratio 1.22 12.3 [1.00, 1.68] 0.15 Accept
Projected area, mm? 964.8 36.4 [293.1, 2109.1] 0.253 Accept
Fusion degree, % 24.8 56.9 [-14.6, 73.2] 0.919 Accept
Interface curvature, % 56.9 18.5 [35.2, 89.8] 0.784 Accept
Tensile strength, MPa 0.75 29.3 [0.23, 1.38] 0.323 Accept
Elastic stiffness, N/mm 139.8 26.7 [55.3, 254.5] 0.992 Accept
Maximum load, N 718.3 44.6 [32.4, 1559.8] 0.332 Accept
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Fig. 6. Cumulative distribution functions (CDF) comparing measurements with normal distributions. (a) Average diameter; (b) Fusion degree; (c) Interface curvature; (d) Tensile

strength.

the connection converges to the transverse tensile strength of the wood
itself.

3.2. Tensile deformation behavior

Depending on the development pattern of the cracks within the
connections, their mechanical performance can be categorized into
two cases. The development of cracks in the first case follows the
shape of the interface; and cracks in the second case deviate from
the interface, which results in different behaviors and failure modes.
The connection BB5 (Fig. 7a) and the connection BD11 (Fig. 8a) were
used as representatives for the first and second cases, respectively. The
connection BB5 has a diameter of 19.9 mm, a fusion degree of 13.2%,

and an interface curvature of 61.7%. In contrast, the connection BD11
has a diameter of 19.7 mm, a fusion degree of 15.3%, an interface
curvature of 53.6%. Three 20 mm long virtual strain gauges were
installed at locations of lc1-middle, lc2-edge, and lc3-edge to measure
local elongations. Lc1-middle was placed at the middle of the interface,
and lc-edge and 1c3-edge were placed 10 mm away from the middle
gauge to inspect the developmental process of cracks.

After being subjected to tensile forces, connection BD11 initially
experienced a short consolidation stage (Fig. 8b). During this period,
the bark at the supporting location was compressed, and some water
in the stems was compressed. Meanwhile, the connection adjusted
its position because of its irregular shape until the equilibrium was
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Fig. 7. Mechanical performance of connection BB5 and its failure at interface. (a) Schematic representation of the connection with locations of virtual strain gauges: lc1-middle,
1c2-edge, and lc3-edge; (b) Force-deformation curve with different stages (i to vi) for connection BB5 under tension; (c) Elongation measured from strain gauges from (a); (d) DIC
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Fig. 8. Mechanical performance of connection BD11 and its failure across stems. (a) Schematic representation of the connection with locations of virtual strain gauges: lc1-middle,
1c2-edge, and lc3-edge; (b) Force-deformation curve with different stages (i to vi) for connection BD11 under tension; (c) Elongation measured from strain gauges from (a); (d)

DIC strain images at different stages of loading.
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Fig. 9. Failure modes of self-growing connections. (a) Failure mode I: Failure at the interface; (b) Failure mode II: Failure across stems. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

reached. In comparison, the consolidation stage of connection BB5 was
longer with a displacement of 1 mm (Fig. 7b).

Following the consolidation stage, the connection underwent a lin-
ear elastic phase characterized by a proportional increase in forces
with displacement. The deformation in this stage resulted from two
parts: initial deformation on the four sides of the stems and subsequent
elongation in the intersected region. Although the distance between
the loading point and the edge of the interface was controlled to be
less than 4 cm, bending moments transferred from the support to the
interface was inevitable.

After the linear region, the extension of the cracks differentiated the
failure mechanisms. In the ascending stage after linear deformation, the
stiffness of the connections was reduced and resulted in the nonlinearity
in the cracking region in the deformation curve (stage i to iii in Figs. 7b
and 8b). Cracks were first observed at the edge of the interface (stage i
at the edge location in Figs. 7d, and 8d). In this location, the material
mainly consisted of bark tissues with minimal fused fibers, as shown
in Fig. 1c. At this point, the force typically reached approximately 0.8
F, (Figs. 7b and 8b). With increasing forces, the crack spread to the
interface, as evidenced by the increase in elongation in the middle
of the interface (in the middle location in Figs. 7c and 8c). During
the cracking process, the measurements in lc1-middle rose (tensioned)
when the measured surface cracked (Ic1-middle in Fig. 7c), while this
location could be compressed (Ic1-middle in Fig. 8c) when cracking
occurred on the backside of the monitoring surface. The wood material
is usually considered brittle [19,20]. Thus, the propagation of the crack
in both x and y directions, combined with the rotation of the stem,
caused nonlinearity in the deformation curve. It was observed that
when the crack extended to approximately half of the interface area,
around 0.8 F,, in the descending stage of the curve (stage v in Figs. 7d
and 8d), the connection experienced a sudden load drop followed by
subsequent failure.

3.3. Failure modes of connections

The above two connections are representative of the two types
of mechanical responses observed. The difference in their failure was

mainly attributed to their growth levels. In other words, the failure was
mainly influenced by the morphology of the merged fibers. Therefore,
two failure modes were distinguished: failure at the interface (FM I,
Fig. 9a) and failure across stems (FM II, Fig. 9b). To be specific, the
failed surface in FM I occurred mainly at the interface of a connection.
However, in FM II, the failed surface consisted of a part of the interface
and a partial area in the stems, which is called failure across stems. The
cracking fibers in different cross sections can be seen in Fig. 10 for FM
I and Fig. 11 for FM IL

In failure mode I (Figs. 9a and 10), the cracking surface (black
dashed line) overlapped the interface (red dashed line) in each cross
section (Fig. 10b to g, red circles). Although a small number of merged
fibers were found within the connection in Figs. 9a, 10b and c, they
failed to form an effective bond between the two stems. The resulting
tensile strength of the connection was 0.5 MPa.

In contrast, in failure mode II (Figs. 9b and 11), the failure surface
(black dashed line) only partially overlapped the interface (red dashed
line). Connections that failed in FM II had more merged fibers and
formed a more curved interface. As seen in the failure pattern of
failure mode II (Fig. 8), cracks occurred first at the corners and then
extended along the interface (Fig. 11b to c¢). However, when the crack
extension encountered the merged fibers (Fig. 11c to e), the crack path
no longer followed the interface, but instead followed the direction of
the wood grain (also see Fig. 9b). The connection BD11 presented a
tensile strength of 0.75 MPa, which was higher than the connection
BB5. To compare the failure plane with the interface and the merged
fiber direction in Figs. 9b and 11, it was argued that the failure
occurred mainly due to a combination of the tensile strength limit of
soft tissues, the shear strength limit, as well as the tensile strength limit
perpendicular to the wood grain.

When the two failure modes are differentiated according to the
fusion degree and interface curvature, the results are shown in Fig. 12.
Both failure modes tended to be normally distributed for these param-
eters. Regarding the fusion degree, from Fig. 12a, the second failure
mode was more likely to occur than the first, when the fusion degree
was greater than approximately 15%. However, it was not significant to
use the interface curvature to distinguish failure modes (Fig. 12b). This
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Fig. 10. Fiber cracking at different cross sections in failure modes I of connection BB5. (a) CT scanning of connection BB5 and the cross sections taken for visualization; Cross
sections (b) to (g) from the scanning results of connection BB5 in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

may be due to the more pronounced adaptive growth of connections in
the radial direction. Moreover, fusion degree presents a wider range
than the interface curvature.

3.4. Comparison of mechanical properties under various conditions

3.4.1. Comparison of strength and loading capacity in two failure modes

When comparing the strengths in the two failure modes, the strength
in failure mode II was slightly stronger than that of failure mode I (p =
0.0018 < 0.05, significant) (Fig. 13a). Furthermore, connections that
failed in the second mode had a higher loading capacity (p = 00082 <
0.05, significant) (Fig. 13b). This means that as the degree of growth
increases, the strength and load carrying capacity of the connection
may also increase. This can be explained by more merged fibers
growing in the interconnected region which reinforce the resistance of
a connection.

3.4.2. Comparison of stiffness at different stages under tension

The stiffness defined according to Eq. (5) is compared in Fig. 14.
A comparison of stiffness including the initial phase and the linear
phase showed that most connections had an initial consolidation phase
(Fig. 14a). This observation suggested that the stiffness of a connection
would be more accurate in terms of the linear stage after the initial
phase was removed. In initial consolidation, adjustments of the con-
nection moisture and shape can affect the initial loading. The stiffness
during the elastic stage was higher compared to the calculation of the
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peak stage (Fig. 14b). This indicated the period where the connections
present the nonlinearity during the performance. Therefore, in order to
better describe the stiffness of a connection, it is more appropriate to
take the linear phase into consideration.

3.4.3. Comparison of strength at different moisture levels and tree sizes

The tensile strength analyzed under different conditions is com-
pared in Fig. 15. The tensile strength of the connections in different
spatial locations was analyzed by ANOVA (Fig. 15a), which showed
that there was no significant difference (p = 0.1485 > 0.05) in the ten-
sile strength at the three spatial locations (lower, middle, and upper).
This argues that the effect of spatial locations on the tensile strength of
connections can be neglected.

In contrast, the effect of moisture content and diameter size on
the strength of connections cannot be ignored. The strength of dry
connections was higher than that of all wet connections (Fig. 15b).
This is because dry wood material is considered stronger than wet
wood [18,21]. In general, connections with smaller diameters pro-
vided less strength than larger connections. This may be related to the
strength of wood at different ages and density, because larger diameters
indicate more mature wood and higher density compared to smaller
diameters [22,23]. This analysis illustrates the dynamic changes in
the strength of the connections during their growth process. It also
demonstrates that connections can still present significant mechanical
strength and value even after their death.
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Fig. 11. Fiber cracking at different cross sections in failure modes II of connection BD11. (a) CT scanning of connection BD11 and the cross sections taken for visualization; Cross

sections (b) to (g) from the scanning results of connection BD11 in (a).
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3.5. Evaluation of mechanical properties and tensile strength prediction for
connections

3.5.1. Correlation between influencing parameters and mechanical proper-
ties

Fig. 16 gives an overview of the distribution of the measured
influencing parameters and mechanical properties, as well as the cor-
relation between them. From the correlation between the influencing

11

parameters and the mechanical properties, the diameter of the stem
had good correlations with the projected area of the interface (r =
0.72), stiffness (r = 0.70), and maximum loading capacity (r = 0.84).
However, the fusion degree only weakly correlated with diameters.
The cone ratio and diameter ratio did not significantly influence the
mechanical properties of the connections. The projected area of the
connection was strongly correlated with the stiffness (r = 0.66) and
the maximum load (r = 0.74) of the connection. Of the two parameters
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012,

Fig. 16. Correlation matrix among parameters: Cone ratio (R,
(f), elastic stiffness (K.), and maximum load (F ).

cone)> diameter ratio (Ry;,),

proposed to describe the growth level, the interface curvature (r
—0.53) was a better predictor of connection strength than the fusion de-
gree (r = 0.24). Notably, interface curvature correlated negatively with
the tensile strength. It indicates that a flatter interfacial area results
in lower connection strength. Among the parameters, diameters and
interface curvature are good predictors of the mechanical properties of
connections.

3.5.2. Prediction of tensile strength of a connection

Based on the results of correlation analysis on the strength of a
connection, the measured parameters included diameter ratio, cone
ratio, average diameter, projected area, fusion degree, and interface
curvature. Multiple linear regressions were performed using differ-
ent combinations of influencing parameters. The groups of different
combinations can be seen below.

[ = —=0.68Rope +0.00014 A, — 0.0017F4 — 0.013C +2.0 R* =031
(7a)
[ ==0.70R e + 0.032Dgyg — 0.0027F4 — 0.012C + 1.4 R* =047 (7b)
[ ==0.69R gpe +0.000124,,,; +0.0014F4 + 1.8 R* =0.06 (7¢)
[ ==0.58R gpe +0.000124,,,; — 0.012C + 1.8 R* =0.30 7d)
[ =—044R gpe — 0.24Ry;, +0.050D,,,
= 0.00022 A, — 0.0020F4 — 0.0082C + 1.2 R* = 0.54 (7e)

The results of each combination are given in Fig. 17. Compared with
groups Egs. (7a) and (7b), although the diameter correlated with the
projected area, the prediction of using diameter was more significant.
Similarly, the fusion degree weakly correlated with the interface curva-
ture; and the interface curvature predicted the results better than fusion
degree (groups Egs. (7c) and (7d)). However, the prediction accuracy
was only 54% when all the measured parameters were considered.

Several factors contribute to this limited accuracy. The inhomoge-
neous properties of wood and the stochastic growth of trees introduce
variability in the characteristics of the material [24,25]. For example,
different parts of the wood have different strengths [26]. Mature wood

diameter (D,,,),
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is considered stronger than juvenile wood [27]; and wood with dif-
ferent cambial ages has varies properties [28]. Tension wood has a
higher tensile strength than regular wood because tension wood has
more cellulose [29]. The existing measured parameters may not fully
quantify all growth characteristics, such as the angle and volume of
the merged fibers. In addition, other growth characteristics, such as
the higher density on the intersected surface, need to be reasonably
quantified to improve the accuracy of the prediction.

3.5.3. Further insights into tensile failure mechanisms

To measure the strength of a connection, this study used an ap-
proximate approach. It assumed that the loading forces were uniformly
transmitted to the effective interface perpendicular to the loading
direction. However, the stress environment at the interface is complex
and involves the interaction of shear and tensile stresses. The fiber
orientation varies significantly at different positions along the inter-
face [9,10], as shown at points P;, P,, and P in Fig. 18. When applying
a tensile force F, the corner at Py, which lacks continuous fibers, relies
mainly on the bark tissue to bear the tensile stress (Fig. 18b and c). In
contrast, at point P,, the tensile stress can be understood as a resultant
of perpendicular tensile and shear stresses (Fig. 18d and e) along the
direction of local fibers. The materials in P; experience a similar stress
environment, but the orientation of the fiber differs from P, (Fig. 18d
and f). Therefore, the failure strength of the interface is a combination
of the limits of the tensile perpendicular (stress o g, strength f;g9)
and shear strength (stress o, strength f,). The failure criteria can be
expressed in Eq. (8).
(150

St90

>H«%ﬁ51 (8)

v

As the self-growing connection grows, the improvement in connec-
tion’s quality is primarily reflected in the increase in the amount of
merged fibers and their optimized orientations. However, quantifying
merged fibers through non-destructive methods is challenging. There-
fore, based on understanding the relationship between the growing
dimensions and the internal structure [9,10], this study used the fusion
degree and interface curvature as indirect and non-destructive indica-
tors of the quality of the connection. Estimating tensile strength of a
connection based on the strength of base materials (i.e., strength of
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Fig. 18. Illustration of the stress and fiber orientation at different points along the interface. (a) Overview of points P, P,, and P; at the interface; (b) Fiber morphology of the
area in a red circle in (a); (c) At point P}, no continuous fiber resists tensile stress (¢). (d) Fiber orientations at points P, and P,; area in the black circle is zoomed in (a). (e)
Stress components at P,, indicating the interaction of perpendicular tensile stress (o, q,), and shear stress (o,). (f) Stress components at P, according to the direction of the local

fiber.

fibers from material tests) is physically more direct. However, it still
requires understanding how growth variations affect the morphology of
merged fibers during growth. Furthermore, when conducting material
tests on base fibers, high moisture content and small specimen size
(diameter less than 30 mm) present challenges to the fabrication of
samples and therefore affect the accuracy of measurements. For in-
stance, high moisture content can easily cause slippage, which may
compromise the reliability of measurements.

4. Conclusion
In this paper, the mechanical properties and developmental growth

levels of self-growing connections formed by Ficus were studied. Devel-
opmental growth levels were quantified by fusion degree and interface
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curvature. Mechanical properties were investigated by designing a
loading set-up that was adaptable to the irregular geometry of the
connections. The following conclusions are drawn.

1. Regarding Ficus connections, with developmental growth levels
ranging from initial formation to approximate piths fusion, the
tensile strength ranges from 0.23 to 1.38 MPa.

2. The patterns of crack development in connections are related to
the morphology of merged fibers. The inhomogeneous distribu-
tion of merged fibers, the two-dimensional extension of cracks,
together with the irregular shape of connections, result in a
nonlinear stage in the cracking region.

3. The failure modes of connections can be categorized into two:
Failure at the interface (FM I) and failure across stems (FM
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II). Connections under FM II present greater strength and load-
bearing capacity than those under FM 1. It is more effective to
distinguish two failure modes by fusion degree of a connection.
A connection tends to fail in FM II when its fusion degree is
greater than approximately 15%.

4. Regarding the Ficus braided trees, different spatial locations do
not lead to significant effects, and dry connections are signifi-
cantly stronger than wet connections.

5. Statistical analysis shows that diameter size has the most signif-
icant effect on mechanical properties. Interface curvature shows
a moderately negative correlation with strength. Interface curva-
ture, fusion degree, and diameter size can be effective predictors
of strength.

Future work may analyze the connections formed by different tree
species to compare with the Ficus connections. In addition to tensile
tests, shear tests for connections can be designed to analyze the ultimate
load-carrying capacity under different loading conditions. The quantita-
tive parameters for developmental growth may not be sufficient in this
work. Future work may develop a method that can accurately describe
the merged fibers to improve the accuracy of the prediction.

The analysis in this paper can predict and analyze dry and green
connections, while it can also predict the strength of a connection grow
dynamically. This offers a strong reference for nature-based design.
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