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Abstract

Trees exhibit adaptability in response to external loads, which allows them to form
an inosculated connection (self-growing connection) with a neighboring tree. Such
connections have the mechanical potential to build living tree structures. Although
qualitative studies have studied this phenomenon, quantitative analysis of its growth
features remains limited. Self-growing connections fused by weeping figs (Ficus
benjamina L.) are utilized to study growth features. X-ray scanning and optical
microscopy techniques are employed to investigate parameters including density,
geometry, fiber structures, and material compositions. Key findings demonstrate
that the fused region of a connection has a larger volume and a higher density on
the intersected surface. Microscopic analysis identifies that the enlarged wood in the
fused area is tension wood characterized by G-layers. The key component that con-
nects trees is referred to as merged fibers, and the pattern of their distribution is
found to be mainly in the outer layer of the larger cross-angle of a connection. At the
cellular level, crystals within cells are identified in the fused region, implying pos-
sible mechanical stresses the interface has experienced. The findings in self-growing
connections can serve as inspiration for structural design in living structures, bio-
mimicry, bioinspired structures, and advancements in bioeconomics.

Introduction

In nature, trees can grow adaptively in response to external loads, which allows
them to form an inosculated connection with a neighboring tree, e.g., connections in
Figs. la and b (Jaffe 1980; Mattheck 1997; Ludwig et al. 2019; Wang et al. 2020).
This connection is termed the self-growing connection in this research, which high-
lights its natural ability to grow and optimize its morphology (Wang et al. 2020).
Self-growing connections have the potential to be used as basic structural elements
to construct living structures (e.g., Fig. 1¢). Although the concept of applying living
structures is gradually gaining attention, such as living pavilions, living root bridges,
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Fig. 1 Self-growing connections and living structures. The cross (a) and parallel (b) self-growing con-
nections fused by lime trees; (¢) a chair naturally grown from willow trees; photo credits: Full Grown,
UK

and Baubotanik (Ludwig et al. 2012, 2019; Shankar 2015; Wang et al. 2020), to the
best knowledge of the authors, there is a lack of quantitative understanding and eval-
uation methods regarding the load-carrying capacity of the formed structures. How-
ever, the growth characteristics need to be known before investigating the mechanics
of self-growing connections.

As in Fig. 1, lime (Tilia cordata) (Wang et al. 2020), willow (Salix alba) (Lud-
wig et al. 2012; Mylo et al. 2021) and fig (Ficus elastica) (Shankar 2015) can fuse
in stems, branches, and roots to form connections. The formation speed depends on
the growth rate of the tree species, among which Ficus is a relatively fast-growing
tree species (Scuderi et al. 2012; Shankar 2015). Furthermore, it has the feasibil-
ity to create connections in nurseries; thus, it is suitable for performing laboratory
research. The principle of the grafting or fusion technique is to fuse the cambium
layers of trees, from which new tissues grow and develop for the connectivity (Mill-
ner 1932; Brown and Sax 1962; Melnyk 2017). The mechanism of adaptive growth
can be understood as the morphological optimization in the stressed region under
loads (Telewski and Jaffe 1986; Braam 2005; Hamant et al. 2008; Hamant and Traas
2010; Coutand 2010; Moulia et al. 2015). The outcome is that a tree minimizes
resource usage during growth, while effectively mitigating stress and deformations
in high-stress regions for optimal loading performance. The changes that occur in
this process can be described in four aspects, namely density distributions, geomet-
ric changes, fiber structures, and anatomical composition (Telewski and Jaffe 1986;
Hamant et al. 2008; Moulia et al. 2015; Hamant and Moulia 2016).

Wood density is widely considered to vary linearly with wood stiffness and
strength (Chave et al. 2009; Niklas and Spatz 2010). Geometric changes resulting
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from adaptive growth usually develop asymmetric shapes around the growth axes
(Fournier et al. 2013). Additionally, the accumulation of wood is accompanied by
the production of reaction wood and changes in fiber structures (Wardrop and Dad-
swell 1948; Kouhen et al. 2023). For example, in response to wind-induced bend-
ing, trees decrease the length to slenderness ratio of their stems and develop an oval
cross section (Nicoll and Ray 1996; Danjon et al. 2005). Deciduous trees form ten-
sion wood on their tensioned side (Zimmermann et al. 1968). Similarly, studies on
tree branch connections (Slater and Ennos 2013, 2015; Ozden et al. 2017) suggest
that the joint region exhibits higher density and interlocking fiber patterns, which
enhances the safety of the tree structure. At the microscopic scale, the nonuniform
distribution of density, and changes in geometry and fiber direction result from vari-
ations in cell morphology and tissue organizations. For instance, tension wood is
considered superior tensile strength compared to normal wood due to more cellulose
content, and it can be distinguished by G-layers (gelatinous fibers) within cell walls
in anatomy (Wardrop and Dadswell 1948; Co6té et al. 1969; Clair et al. 2006).

Regarding the techniques for measurements, X-ray computer tomography (CT)
scanning is frequently utilized to characterize wood density and geometry in trees
(Freyburger et al. 2009; Tanaka and Kawai 2013; Mylo et al. 2021). The acquired
image data enables analysis to determine the relative distribution of density and to
compare sizes across different slices, while minimizing damage on connections. In
anatomical analysis of wood, optical microscopy is commonly employed (Siddiqi
1991). Regarding hardwood species, the observations focus on identifying the mor-
phology and direction of fiber, ray, vessel, and parenchyma cells.

Therefore, this paper investigates characteristics of self-growing connections
fused by weeping figs (Ficus benjamina L.) in four aspects (density, geometry, fiber
structures, and anatomical compositions) using CT scanning together with opti-
cal microscopy. Understanding of the characteristics of a self-growing connection
is part of systematic studies in Wang (2024), and it serves not only to predict its
mechanical potential, but also to draw inspiration from natural structures for appli-
cation in engineering structures, such as bioinspired and biomimicry design.

Materials and methods
Braided weeping figs and self-growing connections

In this study, self-growing connections fused by weeping figs (Ficus benjamina L.)
were prepared. An example of the braided tree structure can be seen in Fig. 2a. The
diameter of the braided net was measured between the outermost distance, and the
height was measured from the base of the stem to the location of the last connection.
Three braided figs (Tree T, Tree B, and Tree S) with different net sizes were pre-
pared and are recorded in Table 1.

To have a standard comparison among different connections, a unified description
was made. As in Fig. 2b, a local coordinate system was placed at the intersection of
the central lines of two stems (stem1 and stem2). The cross angle of the connection
was measured as the relatively small angle (a) between two stem central lines. The
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Fig.2 Descriptions of braided tree structures and self-growing connections. (a) An example of braided
tree structures. (b) Geometric illustrations of self-growing connections, including different regions (stem
and fused regions), diameters (D,,, D,, D,,, and D,,), and cross angle (). (¢) 3D saddle shaped inter-
face outlined by the bark edge of two stems. (d) According to the coordinate in (b), a connection can
be viewed in three anatomical directions, view directions in x, y, z axes respectively. (e) Cross-sectional
appearance at the edge and middle locations within a connection

cs: cross section

Table 1 Geometric information on braided tree structures for tests

D Net region (mm) Number of Number of con-  Average stem
- - stems nections diameter
Diameter Height (mm)
Tree T (Tr_T, TT) 200 800 8 24 20.3
Tree B (Tr_B, TB) 160 900 8 32 19.0
Tree S (Tr_S, TS) 120 600 8 28 14.6

x axis was aligned with the direction of the relatively larger stem (stem1). The con-
nection was divided into stem and fused regions based on the interface, which was
distinguished by the boundary between the barks and formed a three-dimensional
shape like a saddle, as in Fig. 2¢. Unlike anatomical observations of wood in three
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sections (transverse, radial, and tangential), the cross section of a self-growing con-
nection, especially in the fused region, consisted of two different sections from two
stems. Therefore, the anatomical directions of self-growing connections were cat-
egorized into three types based on the local coordinate plane, as shown in Fig. 2d.
For example, in the view direction of axis x, the cross sections were cut in the plane
yz and each section contained a transverse cut of steml and a clip cut of stem2.
Similarly, in view directions y and z, the section of a connection consisted of a lon-
gitudinal cut of steml, and a clip cut of stem2.

During the growth of a connection, the amount of fused material may vary in
different areas because of the developmental sequence of growth. Within the fused
region, it can be assumed that the fusion activity first occurs at the center of the
connection, where two stems have earliest contact and it experiences the longest
time for growth. This is assumed to have a high fusion level. In contrast, towards
the periphery of the fused region, particularly at the edges, the degree of fusion is
comparatively lower and occurs later. To be specific, as presented in Fig. 2e, in the
cross-sectional area near the center of the fused region (cs 2), the fusion level is
considered high. Under this condition, the cross section exhibits an approximately
circular shape. In contrast, toward the edges of the fused region (csl and cs3), where
the fusion level is considered lower, the cross-sectional shape exhibits an overlap of
the transverse sections of the two stems and has a gourd-like shape. Additionally,
the distance between the two trees’ piths is greater compared to cs2. After the basic
description of the connections is presented, they are prepared for measurements. All
connections were in fresh condition when they were tested.

Characterization of density variations using calibrated CT

The density variation within a connection was inspected non-destructively by the
calibrated computer tomography (calibrated CT) scanner (Siemens Somatom Vol-
ume Zoom CT scanner, Germany). The Hounsfield value of the scanner at —1000
was calibrated with air density (apply 0 kg/m®), and the value at 0 was calibrated
with water density (1000 kg/m?). Following the method implemented in Freyburger
et al. (2009), the obtained scanning was linearly calibrated. Thus, the linear calibra-
tion function can be expressed as Eq. 1

p = h+ 1000, )

where h stands for the Hounsfield value of CT scanning, p is the corresponding
material density, in kg/m®. The density refers to the density of the material of liv-
ing trees. The braided trees were scanned only within the net region, and the results
were constructed from slices at 0.6 cm intervals with a resolution of 0.6 mm. The
calibration and analysis of the density variations were performed by ImageJ.

Characterization of geometric changes using calibrated CT

From the scanning results in Sect. "Characterization of density variations using
calibrated CT", as shown in Fig. 3, the geometric variation within the braided tree
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Fig.3 Illustration of geometric measurements on the braided tree structure and self-growing connec-
tions. (a) Within a braided tree structure, the denotations of stems, connections (C) and measured inter-
vals. Diameters (D) of each stem between connections are measured, e.g., diameter of steml in the first
interval is Dy,. (b) Within a self-growing connection, the area comparison between the cross section in
the stem and fused region. Locations 1 and 7 are taken at the edge location in the fused region, whereas

the other five locations are uniformly taken in between. Note: A; is area of a cross section in the fused
region, i from 1 to 7; and A, is area of a cross section in the stem region

structure was measured at two levels, namely at the level of the braided tree struc-
ture and at the connection level. The first level of measurement was to understand
and compare the variation of diameters caused by the presence of connections in a
braided tree structure. The second was to further measure the changes in geometry
within a connection caused by the fusion activity.

The geometric measuring approaches for tree structures and within a connec-
tion are shown in Fig. 3. Measurements along each stem were made at the mid-
point of each interval between neighboring connections, avoiding the presence of
knots, branches, and other defects (such as uneven surfaces); the average value was
made from three measurements. The taper ratio of a stem was calculated by the ratio
between the top diameter and the base diameter of a stem. For example, the tapering
ratio of stem1 was the ratio between D,g and D, in Fig. 3a.

Quantification of geometric changes within a connection was achieved by com-
paring area variations at several spatial locations in the stem region and the fused
region. In the same viewing direction (along the vertical growth direction of the tree
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structure), within the fused region, a total of seven locations were chosen uniformly
(Fig. 3b). The area of each cross section was measured using ImageJ. The mean
value of measurements was calculated by averaging values of two adjacent slices
at each location. The area in the fused region was further compared with the area
in the stem region which was measured below the connecting point to exclude the
possible influence from tapered stems. To ensure comparability of the results across
connections, the difference between the fused and stem regions was normalized by
the area within the stem region. The area difference was further divided by the area
in the stem region. Thus, the obtained ratio could be used to compare connections.
This ratio was defined as the over-grown ratio (r). The formula is expressed in Eq. 2.

A=A
r= AO ] (2)

where A; is the area of a cross section in the fused region, i from locations 1 to 7;
and A is the area of a cross section in the stem region. In total, 27 connections were
measured in the braided tree structure Tree B and 16 connections in Tree S. The
information about braided tree structures is listed in Table 1.

Characterization of fiber structures using Micro CT

The internal fiber structures of a connection were inspected by Micro CT scanning
(Phoenix Nanotom, 180 kV, 0.5 mA, with a resolution of 60 um). In total, 12 con-
nections were taken from three trees. In Tree T, the selected connections included
Cl1, C2, C4, C5, and C8. In Tree B, the selected connections included C4, C5, C8
and C17. In Tree S, the selected connections included C1, C6, and C12. The recon-
structed scanning results were inspected from three view directions, as illustrated in
Fig. 2d. This inspection focused on the fiber patterns within a connection.

Characterization of anatomical compositions using optical microscopy

In the stem region, the anatomy was inspected in transverse, tangential, and radial
sections. In the fused region, a connection was cut into several partitions in the fused
region. In the viewing direction of y, the fused region was uniformly divided into six
zones. Similarly, in the x viewing direction, six partitions were made evenly. Since
in the z direction, the width of the fused region was relatively small, the fused region
of a connection was uniformly divided into four parts. The thickness of each parti-
tion was determined to be approximately 5 mm, and at least five slices for anatomi-
cal observations were made in each partition. In total, 15 self-growing connections
from braided Tree B (C5 — C19) and 15 connections from Tree S (C5 — C19) were
chosen and cut for inspection. For three different evaluation directions, these con-
nections were further separated into three groups. It had ten connections from each
braided tree in each group. Glass slides for microscopic investigations were prepared
according to the instructions (Tardif and Conciatori 2015). Table 2 presents sample
information for the slides.
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Table 2 Information on the preparation of microscopic slices in a self-growing connection

Stem (40 samples) Connections (10 samples in each direction)

Cross section Slice thick- View direction Partition Slice thick- Number of slices
ness (um) ness (um) in each partition

Transverse 20 x direction 6 35~45 8

Radial 20 y direction 6 35~45 8

Tangential 20 z direction 4 50~60 5

After the slices were prepared, they were rinsed and dehydrated by a series of
ethanol solutions (50%, 70%, and 90%) and then fixed to microscopic glasses. The
optical microscope (Keyence VHX7000, Germany) was used at magnifications from
20 X to 2000 x for characterizations at different resolutions. The analysis was run
using Keyence communication software. Anatomical characteristics were studied
and quantified using the IAWA approach (IAWA Committee 1989).

Results
Density variations

The results of Tree T are used as a representative, and results of the other two trees
can be found in the supplementary information (Figs. S1 and S2). Two representa-
tive slices (Tr_T_lc1 and Tr_T_lc2) were selected from the scanned results to ana-
lyze in Fig. 4a. The first selection (Tr_T_lcl) contained the middle fusion loca-
tions of four connections (Fig. 4b). The second selection (Tr_T_lc2) contained the
stem section, edge fusion, and middle fusion to compare (Fig. 4c). To better high-
light regions with higher density, two threshold values were established at 400 and
1000 kg/m’. In Fig. 4c, the histogram of the Hounsfield value of the square area in
C13 is presented as an example.

Materials with higher density were distributed mainly in the outer layer and the
inner fused area (Fig. 4b and d) in cross sections. The outer layer was recognized as
the bark area. On the contrary, the inner stem region has a relatively lower density
of less than 1000 kg/m®. However, in the region pointed out by arrows, a contigu-
ous area of density (in light blue) was observed, representing the wood of the stem.
When comparing the edge fusion in Fig. 4d (C2 and C3), the density distribution
appeared as a combination of two single stems. On the contrary, at the middle loca-
tion of the fusion region (C14 and C15 in Fig. 4b, C1 in Fig. 4d), where the fusion
level was assumed to be higher, the density distribution was observed to have a con-
tiguous area in the cross section pointed at by arrows.

The results of Fig. 4d were further analyzed by line probing that passed through
the stem region, the two edges of the fused region, and the central location of the
fused region. On a single stem (linel in Fig. 4e), the density of the wood could be
considered relatively homogeneous. The intersected regions in Fig. 4d, which were
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Fig.4 Density distributions within Tree T at two locations (Tr_T_Icl and Tr_T_lc2). (a) Indication of
the inspected locations in the Tree T; (b) density map at location Tr_T_Ic1 in (a); (c) histogram of gray
value distributions within the rectangular area in C13 in (b), where the color map of calibrated density is
indicated; (d) density map at location Tr_T_lc2 in (a). (e) Density variations following probe lines in (d),
where the square areas indicate the intersected areas in different fusion levels

marked in the rectangular area, the density profiles presented a hill-shaped region.
However, at the edge of fused region in some area, as pointed out by the arrows, the
interface showed a valley in the hill-shaped region in Fig. 4e. This observation was
further identified as included in the bark gap in the anatomical compositions in Sect.
"Relation between fiber structures and geometric variations".

Geometric changes

In Fig. 5a and b, the influences of the formation of connections on the diameters
along each stem are presented for Tree T. Fig. S3 gives information of Tree B and
Tree S. The results showed that the maximum and minimum magnitudes of the
diameters were observed between the connections rather than at the base or canopy
locations of stems.

The taper ratio was not significant compared to the diameter difference caused
by the formation of connections in the stems. Regarding single stem trees, the bio-
mass allocation along the stem is generally considered different due to the growth of
branches and the adaptive growth from self-weights. As a result, the overall shape
of the stem is considered parabolic with the oldest cambium age in the basal area
(Larson 1963). However, in studies (Larson 1963; Biondi 2020), it is also argued
that in the growth of a branch-free stem, the distribution of wood in the stem is
homogenous. In this study, the stems in the net region have no branch growth, if
it is assumed that uniform growth is distributed along the stem when connections
are not formed, the formation of connections influences diameter variations along
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Fig.5 Diameter variations in Tree T and the analyzed over-grown ratios in connections. (a) Diameter
variations at intervals as depicted in Fig. 3a; (b) the average (avg.) stem diameter and calculated taper
ratio. (¢) to (h) Over-grown ratios of connections in Tree B (TB) and Tree S (TS). Note: cross marks
indicate the peak values for connections

stems. This assumption and observation may be interpreted based on the grain-flow
analogy (Cramer and Goodman 1983; Foley 2001) and the pipe theory (Valentine
1985; Lehnebach et al. 2018). To be specific, the formation of connections within
stems may affect the transport of water, nutrients, and plant hormones which influ-
ence growth. Therefore, the induced resistance in transport due to connections may
result in hormone gradients within the area of connections, which may further affect
the deposition of wood production.

The geometric changes within a connection (Fig. Sc to h) were compared by over-
grown ratios as described in Sect. "Characterization of geometric changes using cal-
ibrated CT". The first observation was that the overgrown ratios were positive in all
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connections. This concluded that the fused area produced more wood than the stem
region within a self-growing connection. Second, when looking at the trend line of
variation, the peak value most likely appeared in the middle region, where the fusion
had high levels. The frequency of peak magnitudes occurring in the middle loca-
tions 2 to 4 had 60%. The over-grown wood in the fused region may be considered
as tension wood due to the adaptive growth, which will be examined in Sect." Rela-
tion between fiber structures and geometric variations".

Fiber structures
The understanding of fiber structures of self-growing connections was achieved by

combining optical microscopic observations and results from CT scans, as seen in
Fig. 6. Regarding fiber structures, three major observations can be identified.

smaller cross angle

(c)

S Ly
inside bark

merged fibers %
merged fibers (

larger

inside defects
steml] /
normal fibers —-

intersected region

enlarged diameter

;erged Dy, >D),
fibers (MF) outer layer
merged fibers outer layer
MF merged fibers 42
x

y

Smm y direction z direction
—

Fig. 6 Fiber structures of self-growing connections under optical microscopy, CT scanning, and its con-
ceptual model. Merged fiber bundles distributed in the outer layer (a) and in the smaller cross angle (b);
(c) in the middle location within the fused region in x direction, few fiber bundles connect inside the
connection. (d) Internal structures of a connection from X-ray scanning. (e) Conceptual fiber model of a
connection
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First, fiber bundles within a self-growing connection can be categorized into
three groups based on their spatial distributions, namely original fibers, deviated fib-
ers, and merged fibers, as shown in Fig. 6a, b, and c. The group of original fiber
bundles formed independently in each stem without any influence of fusion activ-
ity (see Fig. 6b). In contrast, the deviated fibers, which located separately in each
stem, were influenced by the fusion activity and resulted in deviation in their direc-
tions (see Fig. 6a). The merged fibers connected two stems together and produced at
both stems. The direction of this group of fibers extended from one stem to another
stem in a curved shape (see Fig. 6a). The change in fiber orientations of the deviated
fibers could be explained similarly by the grain-flow analogy (Cramer and Good-
man 1983; Foley 2001; Kramer 2002, 2006) as discussed in the Sect. of "Geometric
changes".

Secondly, merged fibers were crucial for the formation and structural properties
of a self-growing connection. The distribution pattern of this group of fibers was
predominantly observed in the outer layer of a connection (Fig. 6a). From the results
of CT scans, in the x direction of the observed cross section, the merged fibers can
be seen as continuous growth increments (Fig. 6d). Merged fibers were located at
the larger cross-angle, while in the smaller cross-angle it showed the absence of the
merged fibers (Fig. 6b). This might be that this optimized pathway via the larger
cross angle minimizes the energy consumption for trees’ growth and structural
safety.

The third observation was that old bark tissues before the fusion were identified
in Fig. 6b. As indicated in Hamant et al. (2008), the bark included before fusion still
existed inside and new wood was produced on top of that after fusion. Moreover, lit-
tle merged fibers are found inside a connection compared with the out-layer merged
fibers. Figure 6d further shows three internal cross sections of the connection to
support observations. Together with the findings in Sect. "Geometric changes", a
conceptual fiber model was proposed to visualize observations (Fig. 6e). From
Sect. "Geometric changes", it is concluded that the fused region had larger dimen-
sions than at the stem region, which was also illustrated in Mattheck (1995).

Relation between fiber structures and geometric variations

Because the production of wood is accompanied by the optimization of its fiber
structures, the variations of over-grown ratios at different locations within the inter-
sected region can be correlated with characteristics of fiber structures. Micro-CT
scanned connections (C1, C2, C4, C5 and C8 in Tree T) were measured in the same
way as in Fig. 3.

Internal structures of the Tree T (TT) C4 and TT-C8 are presented to explain
the relation between fiber structures and geometric changes in Fig. 7. In connection
TT-C4, the over-grown ratio peaked at the fourth measured location (Fig. 7a). Com-
pared to the fourth location with the other locations (locations 2 to 5) in Fig. 7b,
when the area reached the maximum value (location 4), the fiber structures showed
the most fused fibers in the cross section. The same finding was identified in connec-
tion TT-C8 at location 3.
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Fig.7 Area variations of Micro-CT scanned connections and internal structures. (a) Over-grown ratios
in connections. (b) Cross-sectional appearance of C4 and C8 according to the measured locations in (a).
The symbol TT-C indicates the connection in Tree T. The square area indicates the place having the most
merged fibers

Anatomical compositions
Stem region

The wood of weeping figs was diffuse porous without distinct growth rings
(Fig. 8). The growth increment consisted of axial parenchyma cells and fibers
that alternated in pairs. In three cross sections (transverse, tangential, and radial)
in Fig. 8c to e, the vessels of the weeping figs were circular or oval in outline and
mostly solitary or some in a radial multiple of two to four in the transverse sec-
tion. The fibers were square or polygonal in outline. The ray parenchyma cells
were multi-seriate, which were mostly heterocellular and composed of procum-
bent cells and square cells. The axial banded parenchyma was present, and the
cells were brick-shaped. Cell information obtained in the tree stem region of the
tree was used to further identify cell types within the fused region, especially the
orientation of the fiber.

Fused region

In the fused region, for comparative analysis, the illustration included results
from two sections: the edge of the fused region (the first partition in Table 2)
in Fig. 9 and the middle of the fused region (the third and fourth partitions in
Table 2) in Fig. 10. The tissues in the periphery of the fused region in the x direc-
tion are shown in Fig. 9a and the slice made for this location is shown in Fig. 9b.
The tissue organizations at this location are zoomed in in Fig. 9c. The interface at
this location was found to consist primarily of bark tissues. The direction of the
fibers was further identified. However, only parallel fibers were easily identified,
marked as F,. Inclined fibers (F,) were mainly identified based on the appear-
ance of the rays around them. Compared to the direction of the fiber in steml,
stem2, and the intersected region in Fig. 9b and c, when the fibers are close to
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Fig.8 Anatomical overview of weeping figs in a cross-section of a stem, (a) in bark area and (b) in
xylem (wood) region. Cross sectional appearance in xylem (c) transverse section; (d) tangential cross
section; (e) radial section. Tissue types: bark (B), xylem (X), cambium zone (C), growth increment (GI),
and piths (Pi). fibers (F), axial parenchyma cells (AP), ray parenchyma cells (RP), and vessel (V)

the interface, the direction of the fibers in stem1 changes from the perpendicular
direction to the parallel direction gradually.

Figure S4 provides two other locations in the y and z directions to show how
tissues connect and organize in the periphery locations. The locations presented
correspond to the first partition in Table 2. Similarly to Fig. 9, the bark and paren-
chyma tissues made up the most connecting space at the intersection. A few fibers
were spotted, but they are not continuously connected between two stems.

As shown in Fig. 10, four local areas were taken in the cross section and
zoomed in for further research. In peripheral regions, tissues were observed
to be continuously organized and free of flaws (Fig. 10c and f). The fibers that
smoothly transferred from one stem to the other stem were marked by the dashed
line. When comparing the outer locations (Fig. 10c and f) with the inner locations
(Fig. 10d and e), the tissues in this inner region were less organized and the fiber
bundles did not show a continuous merged pattern. Furthermore, this region was
made primarily of bark parenchyma tissues. The results of the microanalysis at
two locations in the fused region remained consistent with the observations in
Sect. "Fiber structures".
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(a)
x_lcl(b)

fused region

interface ! y
stem2 ' X
! A

Fig.9 Tissue organization at the edge location of the fused region in x direction. (a) The inspection loca-
tion (x_Icl) in a connection; (b) cross-sectional appearance of the inspected section, where the rectan-
gular is magnified for further examination in (c). Tissue types: fibers (F), parenchyma cells (P), rays (R),
and vessel (V). Parallel fibers are marked as F,,, inclined fibers are F,,. The angle reference is the plane of
the paper

Cellular changes in the fused region

At the micro-scale, crystals in parenchyma cells were seen under the polar-
ized light of the optical microscope in the fused interface within a connection
(Fig. 11a and b). In addition to the crystals found at the interface, tension wood
was also spotted according to the description in Ruelle (2014). Fiber cells with
a G-layer were observed in the intersected area following the direction of the
arrows (Fig. 11c and d). This finding proved that the enlarged volume within the
fused region, as well as the fused fibers, was predominantly tension wood.
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Fig. 10 Tissue organizations at the middle location of the fused region in x direction. (a) The inspection
location (x_lc4) in a connection; (b) cross-sectional appearance of the inspected section, where rectangu-
lar is magnified for further examination in (c), (d), (e) and (f). In the outer part in this cross section (c),
(d), (f), more continuous merged fibers are spotted, but the inner part (e), mainly parenchyma cells are
found. Tissue types: fibers (F), parenchyma cells (P), rays (R), and vessel (V). Parallel fibers are marked
as F,, perpendicular fibers are F |, inclined fibers are F. The angle reference is the plane of the paper

Discussion

The implications of findings on mechanical applications are discussed in this sec-
tion. High density and larger geometric dimensions may indicate high strength and
stiffness in fused regions, according to studies (Chave et al. 2009; Niklas and Spatz
2010). The tension wood formed in the fused region also indicates the material’s
superior tensile strength (Clair et al. 2006). Regarding fiber structures, the crucial
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Fig. 11 Changes occur in cells in the fused region. (a) and (b) Crystals identified in the fused region.
Arrows point to the formed crystals. (¢) Tension wood in the fused region. (d) The magnified region out-
lined by the rectangular in (c), arrows pointing to G-layers

component lies in the merged fibers. Their morphology and amount not only influ-
ence the fusion level but also predict the strength of the connection. As wood exhib-
its weaker strength in rolling shear and tension perpendicular to the grain direction
compared to parallel (Van de Kuilen et al. 2017; Ehrhart and Brandner 2018), the
distribution pattern of merged fibers indicates the potential weak areas in structural
applications. The connection may be at risk of damage from tension and shear out
of the interface. For example, considering the fiber structures in Fig. 6e, when the
interface between the two stems is subjected to tensile forces, the merged fibers at
the interface primarily resist the external load. The direction of these fibers is in a
curved shape. Together with the saddle-shaped interface, the connected region has
a complex stress environment under tension. At different points along the interface,
variations in wood grain orientation lead to differences in the local material’s load-
bearing capacity. The overall load-bearing capacity of the interface can be under-
stood as being controlled by the combination of the shear strength and the transverse
tensile strength of the merged fibers.

In the intersected region, the relationship between the location of the maximum
area and the section that has the most merged fibers provides a practical method for
evaluating the developmental stages of a connection. In other words, the fusion level
of a connection can be roughly assessed by directly measuring the area variations
within the fused region. Moreover, middle locations of the fused region may give the
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best prediction of the fusion level. Regarding the changes observed in cells, accord-
ing to studies (Korth et al. 2006; Villard et al. 2019), Ficus species have adapted to
diverse environments by developing physical strategies. The aggregation of calcium
oxalate crystals may be considered a physical defense mechanism aimed at improv-
ing tissue toughness and forming defense barriers.

Based on the understanding of adaptive growth, the application of self-growing
connections extends beyond structural purposes, which include furniture design and
agricultural windbreaks. The phenomena and lessons learned from nature can also
be applied to other bioinspired and biomimetic designs. For instance, it may improve
the fabrication in 3D printing (Schaffner et al. 2018). Additionally, the application of
the natural connection can boost the development in bioeconomic.

Conclusion
In this paper, key findings can be concluded as follows:

1. Within a self-growing connection, the fused region presents a higher density and
larger size than the stem region. The increased wood in the fused region is identi-
fied as the tension wood with G-layers.

2. The fiber structures of a self-growing connection can be characterized into three
groups: the merged fiber bundles connecting the two stems, the deviated fiber
bundles, and the normal fiber bundles in each individual stem. Continuous merged
fibers are primarily produced in the outer layer passing through the larger cross-
angle of a connection. They are the most important component for integrity and
structural functions of a self-growing connection.

3. Atthe periphery of the fused region in a self-growing connection, the interface is
mainly made up of bark tissues. In the inner part of a connection, fewer continu-
ous merged fibers are found, mainly organized by parenchyma cells.

4. In the fused region, the location of the largest area can be related to the better
fused level, which is represented by more merged fiber bundles. This relation
can serve as a practical approach to assess the fusion condition of a connection
without influencing its growth.

5. Atthe cellular level, crystals are observed in the fused region, which might reflect
the mechanical stress experienced by the interface.

Future research will focus on the mechanical properties (i.e., strength, stiffness,
and loading capacity) of self-growing connections. Moreover, other tree species and
fusion technologies can be further investigated.
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