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Abstract 35 

Plant root–soil mechanical interaction in the application of soil bioengineering such as tree 36 

and slope stability has been investigated via centrifuge modelling, utilising root analogues to 37 

replicate vegetated soils. Three-dimensional (3-D) printing can be used to model complex 38 

root architecture, but the nature of the layer-upon-layer printing process may lead to printed 39 

parts of differing tensile behaviour depending on orientation and, consequently, unrealistic 40 

simulation of root mechanical reinforcement. This study aimed to assess the strength and 41 

stiffness anisotropy of straight root analogues built at varying orientations via three different 42 

3-D printing methods and compare the measured properties with those of real roots. The ten-43 

sile strength ratios between horizontally- and vertically-printed samples were up to 3.90, 1.27 44 

and 2.57 for fused deposition modelling (FDM), liquid-crystal display (LCD) and Polyjet 45 

methods, respectively. Stiffness anisotropy was also more significant in FDM. The relatively 46 

higher anisotropy in FDM-printed samples could overestimate the strength and stiffness of 47 

most roots in a hypothetical heart-shaped root system, depending on the diameter distribution. 48 

Such a physical model may be improved using 45° inclined Polyjet-printed rods. 49 

Keywords: Models (physical); Centrifuge modelling; Tensile properties; Vegetation; UN 50 

SDG 11. 51 

  52 
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1. Introduction 53 

The mechanical interactions between coarse tree roots and soil can be relevant for under-54 

standing the tree anchorage behaviour (Zhang et al., 2020) and the stability of forested slopes 55 

during tree clean-cut and reforestation schemes (Stokes et al., 2009) (Figure 1(a)). That is be-56 

cause coarse roots might dominate the root reinforcement at the tree scale (Giadrossich et al., 57 

2019), although the effectiveness of such reinforcement would depend on site-related factors 58 

such as external loads (e.g., windstorms and tree surcharge), slope gradient and mode of po-59 

tential failure (Nilaweera and Nutalaya, 1999). The complexities of rooted soils can be re-60 

vealed by empirically observing the interplay between roots and soil, which is principally led 61 

by the mobilisation of root-soil frictional and root tensile properties (Mickovski et al., 2007). 62 

However, the practical difficulties in obtaining spatial and mechanical properties of large-63 

sized root (diameter > 10 mm) traits in the field (Reubens et al., 2017) and at laboratory scale 64 

(Giadrossich et al., 2017) impose challenges on the study of the reinforcing effects of this 65 

class of roots. In this context, small-scale modelling via centrifuge provides a more straight-66 

forward way to study vegetated soils by scaling down the dimensions of large roots while 67 

keeping field-representative soil stresses under controllable boundary conditions (Liang et al., 68 

2015). Early studies have employed small-scaled root analogues of highly simplified archi-69 

tecture (Sonnenberg, 2012; Kamchoon et al., 2014). Later, Liang et al. (2015) introduced root 70 

analogues manufactured by three-dimensional (3-D) printing which could produce much 71 

more complex and realistic architecture. However, the nature of the layer-upon-layer printing 72 

process might lead to printed parts of differing tensile behavior in different directions (Yao et 73 

al., 2019). The build orientation (i.e., orientation at which the part is positioned relative to the 74 

three major axes of the 3D printer) might influence the failure mechanism and the level at 75 

which stress is being transferred along the printed part (Eryildiz, 2021). Given the bonding 76 

between adjacent print layers is typically weaker than the print material’s intrinsic strength, 77 
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parts with layers printed parallel to the direction of soil shear (i.e., perpendicular to the pri-78 

mary tensile stress acting on the printed root part) may be weaker in that direction. Con-79 

versely, parts with layers perpendicular to the shear stress direction (i.e., parallel to the pri-80 

mary tensile stress direction) may be stronger (Figure 1(b)) (Uddin et al., 2017). This could 81 

produce unrealistic mobilisation of stresses during root analogue breakage, leading to ques-82 

tionable test data when being used to benchmark and evaluate the accuracy and reliability of 83 

root-soil interaction models (e.g. Zhu et al., 2022). 84 

This study investigates the anisotropy of the tensile properties of 3-D printed root analogues 85 

produced by three different printing methods, namely fused deposition modelling (FDM), liq-86 

uid-crystal display (LCD) and Polyjet, that are all relevant to producing complex root archi-87 

tecture system for physical model tests. How the tensile behavior of the printed models af-88 

fects the selection of the printing method for producing root analogues for physical modelling 89 

is discussed.  90 

 91 

2. Materials and methods 92 

2.1. 3D printing 93 

Three 3-D printing methods were tested in this study (Figure 1(c)). FDM is a material extru-94 

sion-type process that works by heating a thermoplastic material to a semi-liquid state and de-95 

positing it in layers along the extrusion path (Ahn et al., 2002). LCD is a type of vat polymer-96 

isation where an ultraviolet (UV) light is emitted through a pattern displayed by an LCD 97 

screen to selectively cure a liquid photopolymer resin layer by layer (Mele and Campana, 98 

2022). Polyjet is a material jetting technique that operates by pouring tiny droplets of photo-99 

sensitive resin that are immediately UV cured, solidified, and built on the previous layer 100 

(Lumpe et al., 2019). Table 1 summarises the relevant specifications of the printer, material, 101 

and printing process for each method. 102 
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Cylindrical rods of 160 mm in length and diameters varying from 1.5 to 6 mm were printed at 103 

horizontal (H), vertical (V) and 45° inclined (I) orientations for each method. The cylindrical 104 

shape was selected to mimic typical root traits used in tensile tests (Wu et al., 2021). The di-105 

ameter range covers a realistic range for coarse tree roots; considering a model scaling factor 106 

of as small as, say 1:10, the analogues would be replicating roots with prototype diameters 107 

ranging from 15 mm to 60 mm, which is representative to small-size trees. The rod orienta-108 

tions represent dominant traits in three main types of root systems (Kostler et al., 1968), that 109 

is: lateral roots in a plate system, tap root in a taproot system, and oblique roots in a heart-110 

shaped system (Figure 2). Although all 3-D printers could technically produce rods of less 111 

than 1.5 mm in diameter, the thin nature of the relatively long printed rod would lead to unde-112 

sirable instability during the printing process of non-horizontal models. This way, vertical 113 

and/or inclined samples with diameters less than 2 mm (even 3 mm for FDM) could not be 114 

properly printed without imperfections and were therefore discarded. 115 

 116 

2.2. Tensile tests 117 

Uniaxial tensile tests were conducted in triplicate with an EZ-50 universal testing machine 118 

(wedge tensile grips, 1kN load capacity, 5 mm/min loading rate). Rods that had a 100 mm 119 

gauge length were reinforced at the ends with epoxy resin to prevent sample damage and 120 

sandpaper to avoid slippage. A test was valid once breakage happened within the gauge 121 

length. These procedures accorded to the common protocols for conducting root tensile tests 122 

(Giadrossich et al., 2017). 123 

 124 

 125 

 126 

 127 
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3. Results and discussion 128 

3.1. Tensile behaviour of 3-D printed models 129 

Horizontal rods printed via FDM presented average tensile strength (TS, i.e., tensile stress at 130 

breakage) that reduced with diameter (Figure 3(a)). Previous studies (Liang et al., 2015; 131 

Zhang et al., 2020) considered such a trend as propitious for mimicking the commonly re-132 

ported negative correlation between TS and diameter in real roots (e.g., Wu et al. 2021), but 133 

this relationship was not as clear for inclined and vertically-printed samples. The TS of the 134 

horizontally-printed samples was up to 3.9 and 2.5 times higher than that of the vertically- 135 

and inclined-printed ones, respectively. A small TS discrepancy (TS ratio, i.e., ratio between 136 

the TS values of horizontally- and inclined/vertically-printed samples, < 1.5) was observed 137 

only between a few inclined and horizontally-printed samples (Figure 3(b)), highlighting a 138 

significant strength anisotropy due to printing orientation. For LCD printed samples, there 139 

was no significant discrepancy among the three different build orientations (Figure 3(c)) as 140 

the values of TS ratio were all less than 1.5 (Figure 3(d)). The TS of Polyjet printed samples 141 

increased with diameter in all build orientations (Figure 3(e)). This could be due to printing 142 

imperfections along the surface of thinner rods, which might cause weak spots that would 143 

lead to stress concentration and thus lower TS. As the sample diameter increased, the influ-144 

ence of such imperfections became less significant as compared to the overall sample size. 145 

The TS of horizontally-printed samples were up to 2.57 and 1.43 times larger than that of ver-146 

tically- and inclined-printed ones, respectively (Figure 3(f)). The higher strength anisotropy 147 

found in the FDM printed samples, when compared with other printing methods, suggests 148 

poorer interlayer bonding that leads to relatively lower strength in non-horizontal parts. 149 

 150 

Much larger stiffness anisotropy was found for the FDM printed samples (Figure 4(a) and 151 

4(b)) when compared with the LCD and Polyjet methods. The latter two produced elastic 152 
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modulus (EM, i.e., gradient of the initial linear portion of a tensile stress-strain curve up to a 153 

strain of 0.02 for the horizontally- and inclined printed samples and 0.01 for the vertically-154 

printed samples) ratios between the horizontally- and vertically-printed samples up to 1.8 and 155 

1.17, respectively (Figure 4(c) – 4(f)). Although the presence of strength and stiffness anisot-156 

ropy tends to make horizontally-printed root analogues to have a higher strength and stiff-157 

ness, this would mainly affect the root–soil mechanical interaction for analogues that tend to 158 

fail by breakage. In this case, under the same loading condition and considering that the prop-159 

erties of horizontally-printed root analogues are representative of real roots, the analogues 160 

that are printed vertically and inclined would mobilise less strength, which is not what neces-161 

sarily would happen in real condition. Otherwise, in a scenario where root breakage is not 162 

supposed to happen, the smaller TS values of vertically-printed samples would not impose a 163 

problem, so printing technologies that create anisotropic properties (i.e., FDM) could still be 164 

used.  165 

 166 

Most values of TS (Figure 3) and EM (Figure 4) were out of the range provided by the manu-167 

facturer for all three printing methods. The discrepancies can be due to the different condi-168 

tions at which samples were produced and the tensile tests were performed. The printing pa-169 

rameters reported by the manufacturers to print standard flat-dog-bone samples for tensile 170 

tests might not be the most suitable ones for printing more complex structures, so a trial-and-171 

error exercise is usually performed and these parameters can be changed according to the 172 

user’s relevant criteria (e.g., design accuracy, printing time, material cost). Once the set of pa-173 

rameters for printing the root analogue is defined, conducting tensile tests considering the 174 

case-specific conditions produces results that better reflect the mechanical behaviour of the 175 

printed parts. 176 

 177 



 9 

3.2. 3D printed models to represent real roots in physical modelling tests 178 

To compare the mechanical behaviour of printed root traits to those from real roots, the me-179 

chanical properties of inclined printed rods were chosen to represent the heart-shaped root 180 

system (i.e., oblique root system), which is a common shape for tree roots grown on slopes 181 

(Kozlowski, 1971). Although it did not produce the most mechanically isotropic traits as 182 

compared to LCD, Polyjet method was selected given the printer’s larger build volume (Ta-183 

ble 1) and capacity of using a soluble material as the support, which eliminates the risk of 184 

breaking the parts as in traditional support removal (i.e., trimming), and reduces post-pro-185 

cessing time and effort.  186 

 187 

Figure 5 shows the upper and lower bounds for TS and EM of tree roots collected from the 188 

literature (Tables S1 and S2 in supplementary information). As very few data are available 189 

for root diameters larger than 10 mm, these bounds were considered the references for assum-190 

ing constant values of TS and EM for thicker roots. Indeed, a diameter-independent range of 191 

mechanical properties are commonly considered for stem wood (Kretschmann, 2010), so the 192 

same was assumed for coarse roots (D> 10 mm), as they are also made of secondary xylem 193 

fibers (i.e., wood) (Pratt et al., 2007). A hypothetical scaling factor of 15 was considered for 194 

small scale (1:N) modelling in centrifuge, where the rods would be simulating prototype roots 195 

of length dimensions 15 times larger, whilst maintaining the same prototype’s mechanical 196 

properties (Figures 5(a) and 5(b)). The values of TS of the 45° inclined printed Polyjet rods 197 

were within the range for tree roots at diameters up to 45 mm in prototype, but still relatively 198 

closer to this range for bigger diameters as compared to linden wood, which was used to sim-199 

ulate woody roots (i.e., coarse roots) in non-printed models by Sonnenberg et al. (2012). The 200 

FDM printed ABS rods produced by Liang et al. (2015) also had TS values partially within 201 

the assumed range (Figure 5(a)). However, it is worth noting that these rods were printed at 202 
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horizontal orientation. Given the significant TS and EM anisotropy by the FDM printing 203 

method (Figures 3 and 4), the properties of roots within the hypothetical heart root system 204 

may drop closer to (or even further) within the range of real tree roots due to the reducing 205 

trend of the TS ratio with diameter. The EM of the Polyjet rods were less representative than 206 

the TS, but still closer to the assumed root values than the stiff analogues made of linden 207 

wood (Figure 5(b)). For 1-g physical modelling at 1:1 scale (where the same length and me-208 

chanical properties between model and prototype are maintained), all the values of TS of in-209 

clined Polyjet rods were within the assumed TS range (Figure 5(c)), yet not the case for EM 210 

(Figure 5(d)). 211 

 212 

4. Conclusions 213 

3-D printed root analogues for geotechnical physical modelling present a certain degree of 214 

strength and stiffness anisotropy induced by build orientation regardless of the printing 215 

method used. Test results reveal that such anisotropy was higher using the FDM printing 216 

method, followed by the Polyjet and LCD methods, the latter of which were close to isotropic 217 

in both strength and stiffness. Using the measured tensile properties of printed parts that bet-218 

ter represent the whole root system would prevent significant overestimation or underestima-219 

tion of the mechanical behaviour of root analogues in model tests. The values of TS and EM 220 

of 45° inclined Polyjet rods had a relatively good agreement with those of real roots and 221 

could be considered for modelling the behavior of small-scaled heart-shaped tree root sys-222 

tems in 1:N centrifuge or 1-g tests. In summary, considering the effect of build orientation 223 

when 3-D printing load-bearing root parts is essential to ensure the model provides a repre-224 

sentative (but still not an exact physical twin of) prototype, for interpreting results from 225 

model tests and for simulating either 1g or high-g model properties in validating numerical 226 

simulations. 227 
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Table 1. Specification of the printer, material and parameters chosen for printing the models. 300 

Specifications Technology 
FDM LCD Polyjet 

Printer  Model Bambu Lab X1 Car-
bon 

Phrozen Sonic Mini 
8K 

J850 Prime  

Manufacturer Bambu Lab Phrozen Technology Stratasys Ltd. 

Build volume 256 x 256 x 256 mm 165 x 72 x 180 mm 490 x 390 x 200 mm 
Accuracy1 +- 0.007 mm +- 0.022 mm +- 0.1-0.2 mm 
Min. layer 
width2 

0.4 mm 0.01 mm 0.014 mm 

Material Name ABS ABS-like resin Digital ABS 
(RGD515 + RGD531) 

Main  
composition  
(≥ 80%) 

Acrylonitrile, butadi-
ene, and styrene 
monomers 

Acrylate monomer 
and epoxy diacrylate 

Acrylic formulation 
(major components 
are proprietary) 

Tensile  
properties4 

TS= 32-41 MPa       
EM=1.96-2.2 GPa 

TS= 12 MPa              
EM= 0.95 GPa 

TS=55-60 MPa      
EM=2.6-3 GPa 

Relevant user-defined 
printing parameters 

Layer height3: 0.15 
mm; Infill density: 
50%; Infill pattern: 
straight line; Printing 
speed: 100 mm/s; 
Support: same mate-
rial (detach by trim-
ming) 

Layer height3: 0.05 
mm; Exposure time: 
2.5 s; Lifting dis-
tance: 6 mm; Lifting 
speed: 60 mm/min; 
Support: same mate-
rial (detach by trim-
ming) 

Layer height3:  
0.014 mm; Support: 
SUP706B (detach by 
dissolving with so-
dium hydroxide solu-
tion) 

 
 
 
 

1Typical deviation from 3D model dimensions.  301 
2Mininum feature size in the XY plane.  302 
3Mininum feature size in the Z plane. 303 
4Manufacturer provided values. 304 
 305 

 306 
 307 

 308 

 309 

 310 

 311 

 312 
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 313 

Figure 1. 3D printing for tree root modelling: (a) a vegetated slope under windstorm and clear-cutting, (b) a pos-314 

sible failure mechanism of vertically- and horizontally-printed root parts, (c) process of three 3-D printing meth-315 

ods. 316 
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 341 
 342 

 343 
 344 
Figure 2. Rod orientations based on the main types of root systems (after Kostler et al., 1968). 345 
 346 
 347 
 348 
 349 
 350 
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 351 

Figure 3. TS of the rods printed at different orientations and their respective ratios for: (a, b) FDM, (c, d) LCD, 352 

(e, f) Polyjet. 353 
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 371 

Figure 4. EM of the rods printed at different orientations and their respective ratios for: (a, b) FDM, (c, d) LCD,  372 

(e, f) Polyjet. 373 
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 391 

Figure 5. TS (a, c) and EM (b, d) of real roots (species and regression coefficients for TS and EM are shown in 392 

Tables 1S and 2S, respectively) and root analogues tested in the present study. 393 
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