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 7 
Abstract 8 
The implementation of sustainable building materials is currently one of the principal global challenges faced by the construction 9 
industry. Natural bamboo culms are a potential alternative to tackle this challenge due to its favourable environmental credentials as 10 
well as affordability. However, the organic geometry of bamboo culms is one of the barriers that prevents them from being implemented 11 
in formal design procedures. This work presents the details of a new digitisation workflow to systematically capture the geometry of 12 
bamboo culms through the application of 3D scanning technologies and reverse engineering principles. This workflow is applied to 13 
carry out a comprehensive analysis of the geometric variability of Guadua angustifolia kunth (Guadua), Phillostachys pubescens (Moso) 14 
and Bambusa oldhamii (Oldhamii) to identify potential correlation patterns. This geometric analysis showed a wide variation in the 15 
geometric properties of all species and no particular pattern was found which could be adopted for a potential visual grading system. 16 
These results highlight the challenges that the use of bamboo culms pose for the traditional design and fabrication processes developed 17 
for manufactured structural elements. The proposed reverse engineering methodology adopted for this study can be used to quantify 18 
and manage the geometric variability of bamboo culms to support the development of new formal design and fabrication processes for 19 
this natural structural element. 20 
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1. Introduction 24 
The building industry is already facing a major challenge as the production of the main construction materials is responsible for almost 25 
50% of the global CO2 emissions [1], therefore the urgent implementation of sustainable materials is needed to satisfy the increasing 26 
global housing demand in developing countries [2] and reach the global aim of affordable, sustainable and resilient housing [3]. In 27 
recent years, commercial organisations and research institutions have focused their attention on natural bamboo culms because of its 28 
favourable environmental properties [4,5]. Among the different bamboo products currently being explored to provide the building 29 
industry with sustainable alternative solutions, natural bamboo culms are, as expected, the alternative with the lowest environmental 30 
impact [6]. 31 
 32 
Bamboo is a woody grass endemic to tropical and sub-tropical regions with more than 1600 species [7] from which around 100 have 33 
been identified suitable as building material [8]. In spite of the potential of bamboo culms to become widely used as a sustainable 34 
resource, there are fundamental cultural and technical challenges yet to be addressed. One of the main challenges is related to the 35 
inherent variability of their geometric properties that prevent the formal design of bamboo structures and the implementation of robust 36 
construction processes to ensure high standards and quality. The main geometric features of bamboo culms are their nodes, internodes, 37 
and nodal diaphragms as shown in Fig. 1. Researchers have investigated the variation of basic geometric properties of two of the most 38 
common species: Guadua and Moso [9–11], where they have described a general pattern of diameter and thickness reduction along the 39 
length of the bamboo when measured from the bottom of the culm. These variations will consequently have an effect on the structural 40 
behaviour of the bamboo culms along with its straightness [11–13]. In these studies, different methods have been applied to acquire the 41 
basic geometric properties of bamboo culms, however they have all been based on traditional manual processes which present significant 42 
challenges to efficiently capture the complex, organic geometry of bamboo culms and collect a representative amount of data on the 43 
species suitable for construction. As a result, these manual geometry measuring processes have been applied to a limited number of 44 
bamboo culms focused on average properties [14] taken from discrete sections of the culms. In cases were the geometry of culms has 45 
been measured along their length, (outer geometry and out-of-straightness), the proposed procedures [12,15] are relatively complex and 46 
their large scale implementation poses significant challenges. The out-of-straightness ratio (δr) is an index commonly used to define the 47 
compression capacity for column elements and has been proposed as a grading parameter for bamboo columns [12,13]. Table 1 shows 48 
a summary of the limits that have been proposed for different bamboo species and timber. As expected, the limits for bamboo allow a 49 
larger initial deformation than for timber, however the values found in the literature can vary substantially from one species to another. 50 
 51 

Limit ratio (δr) Specie Source 
150 Dendrocalamus giganteus Ghavami & Moreira, 2002 [12] 

200 or 0.15D Kao Jue Yu et al 2003 [13] 
100 or 0.15D Moso Yu et al 2003 [13] 

300 Guadua NSR-10 G, 2010 [16] 
50 - Kaminski et al, 2017 [17] 
300 Sawn timber EN 1995-1-1, 2004 [18] 

Table 1. Out-of-straightness limit ratio (δr) for bamboo and timber 52 



 

 

 53 
Figure 1. Basic geometric features of a bamboo culm 54 
 55 
An alternative to perform manual measures are the non-destructive 3D scanning methods which have been broadly applied in different 56 
engineering disciplines [19–23] to acquire, quantify and, subsequently, digitally analyse the geometric properties of irregular objects, 57 
with a considerable increase in applicability, accuracy and efficiency when compared with analogue methods [24]. Therefore, a well-58 
adapted 3D scanning process can support the acquisition of the geometric properties of bamboo to increase our understanding of its 59 
geometric variability [25] and at the same time, enable the use of highly accurate geometric data needed for the development of complex 60 
structural systems such as 3D grid-shells [26], as well as the fabrication of traditional and modern connections [27]. 61 
The objective of this work is to carry out a comprehensive analysis of the geometric variability of three different bamboo species based 62 
on the application of 3D scanning technologies and reverse engineering principles. This study follows a previously developed approach 63 
[28] for the digitisation of bamboo culms based on initial 3D polygon-mesh models [29]. These mesh models are further processed into 64 
lighter Non-uniform rational basis spline (NURBS) models [30] from which geometric properties are computed and analysed. This 65 
information is used in this study to examine the variability of each culm and identify any potential correlation patterns that could form 66 
the basis of a grading system for bamboo culms. 67 
 68 
2. Materials and methodology 69 
Native species from Colombia, China and Mexico were chosen for the development of this project, as described in Table 2. The average 70 
length of the culms was 2.8 meters and were extracted from the bottom section of the plant according to [14]. The culms were procured 71 
from local bamboo distributors according to local plantation management processes. All bamboo culms were kept in a controlled 72 
laboratory environment as recommended by [14], at a temperature of 23°C ±2°C and relative humidity of 55% ±5% for the duration of 73 
the digitisation process. 74 
 75 

Species Origin Age (years) Number of culms 
Guadua angustifolia 

kunth (Guadua) 
Valle del Cauca, 

Colombia  
2 – 5 30 

Phyllostachys 
pubescens (Moso) 

Jiangsu, 
P.R. China 3 - 4 84 



 

 

Bambusa oldhamii 
(Oldhamii) 

Veracruz, 
Mexico 3 - 5 121 

Table 2. General properties of bamboo culms 76 
 77 
2.1. Digitisation process 78 
The acquisition of the geometry was carried out with an Eva scanner from Artec 3D [31], which was used to generate a point cloud [32] 79 
of the outer bamboo surface as well as the cross section at each end of the culm and a portion of the inner surface. Fig. 2a shows the 80 
bamboo point cloud obtained at the end of the geometric data acquisition. This point cloud is subsequently processed using the 81 
proprietary software Artec Studio 12 [31] to create the corresponding 3D polygon-mesh model of a single bamboo culm. The specific 82 
details of the scanning and processing parameters are shown in Table 3 and Fig. 2b shows the final triangulation of the point cloud to 83 
create a 3D polygon-mesh of the scanned culm The average accuracy of the scanned polygon mesh was 1% for cross sectional 84 
dimensions and 1/1000th of the culm length compared with manual measurements [28]. The scanner was operated with a laptop Dell 85 
XPS 15 equipped with an Intel i7-6700HQ CPU @ 2.66GHz, 16GB of installed memory and a dedicated video card Nvidia GTX 86 
GeForce 960m with 4GB of memory whilst the processing of point cloud was carried out in a work station Dell Precision with an Intel 87 
Xeon E5-1620v3 CPU @ 3.5GHz, 32GB of memory and a dedicated video card Nvidia Quadro K2200 with 4GB of memory. 88 
 89 

 90 
Figure 2. Point cloud (a) and polygon-mesh (b) of a typical bamboo culm 91 
 92 

Digitisation process parameters 
Scanning  

 Scanner accuracy: 0.1 mm 
 Geometry and texture acquisition 
 Simultaneous rotational and translational scanning 

path  Acquisition at eight frames per second 
Point cloud to polygon mesh 

 Fine registration (Geometry and texture) 
 Global registration (Geometry and texture) 
 Outlier removal (Resolution: 0.5mm) 
 Fast fusion (Polygon mesh reconstruction, resolution 

0.5mm)  Polygon-mesh simplification (Mesh accuracy: 1 mm) 
Table 3. Parameters applied for bamboo digitisation process [28] 93 
 94 
2.2. NURBS model and geometric properties 95 
The use of a polygon mesh model to quantify the geometric properties of bamboo culms is impractical because its level of detail requires 96 
high computational resources and post-processing time to extract basic geometric properties and the prohibitive large size of a typical 97 
mesh file (approx. 50MB). For these reasons, the polygon mesh of each culm was post-processed using the extensive Rhinoceros 3D 98 
library [33] implemented in Python [34] to create a much lighter (approx. 1MB) NURBS-model of each culm.  This post-processing 99 
follows basic reverse engineering principles [25] to create a digital database of bamboo culms incorporating a geometric representation 100 
of the outer and inner surfaces together with a numerical text file with all relevant geometric properties. 101 
 102 
The identification of the polygon-mesh vertices defines the geometry of each of the nodal diaphragms (nodes) of the digital culm (Fig. 103 
3a). These vertices are used to fit intersecting planes through each node. Similarly, an intersecting plane is fitted at each end of the culm, 104 



 

 

ensuring that both inner and outer surfaces are intersected, as seen in Fig. 3a. The asymmetric curves found from the intersection between 105 
the planes and the polygon-mesh (Fig. 3b) are modelled as NURBS-curves, defined by 20 control-points. The centroid of the outer 106 
NURBS-curves defines the centroidal line of the external bamboo surface (Fig. 3b). Additional outer NURBS-curves are obtained 107 
sectioning this surface around each node with a series of planes parallel to the original planes fit through the nodes. Similarly, the central 108 
region of each internode is sectioned with planes perpendicular to the centroidal line of the external bamboo surface. These sections are 109 
spaced two millimetres apart, covering a length of one diameter centred on each node and half a diameter centred on each internode as 110 
shown in Fig. 3b. These outer NURBS-curves are then used to fit a NURBS-surface through them. A general linear variation of the 111 
thickness along the length has been confirmed by several authors [9,10,12,35], therefore a second NURBS-surface is interpolated based 112 
on the two inner curves at each end following the centroidal axis. These two outer and inner surfaces constitute the NURBS model of a 113 
bamboo culm (Fig. 3c), with an overall deviation of 0.1 mm between the polygon mesh vertices and the NURBS surface calculated 114 
through the relevant Rhinoceros 3D function. Finally, cross-sections at each node are found by intersecting the original planes and the 115 
two NURBS-surfaces (Fig. 3c). The centroid of these cross-sections defines the true centroidal line of the bamboo culm, conservatively 116 
ignoring the solid diaphragm at each node (Fig. 3d). The nodal sections constitute the basis for the discretisation of the digital models 117 
with cross-section properties defined at the centre of each internode (Fig. 3d). A typical cross-section is shown in Fig. 4, together with 118 
an equivalent circular tube section (dashed), an arbitrary set of axes y & z, the actual cross-section principal axis 1 & 2 and its 119 
corresponding angle θ.  Equivalent circular tube properties (diameter, thickness and inertia) are derived from the actual cross-sectional 120 
area at every internode of the bamboo model as follows: 121 
 122 
Cross sectional area (mm2), 𝐴 = 𝐴#$% − 𝐴'(%         (1) 123 
 124 

Equivalent diameter (mm), 𝐷 = *+,-
.

          (2) 125 
 126 

Equivalent thickness (mm), 𝑡 =
0	2*342567

8
          (3) 127 

 128 
Equivalent moment of inertia (mm4), 𝐼 = .

:+
[𝐷+ − (𝐷 − 2𝑡)+]        (4) 129 

 130 

Principal moment of inertia (mm4), 𝐼@,8 =
@
8
BC𝐼D + 𝐼FG ± *C𝐼F − 𝐼DG

8 + 4𝐼DF8	J      (5) 131 

 132 
Orientation angle (rad), 𝜃 = @

8
tan2@ O 8PQR

PR2PQ
S          (6) 133 

 134 
where Aout and Aint are the actual cross-sectional areas of the outer and inner NURBS-curves respectively, Iy, Iz & Iyz are the moments of 135 
inertia and product moment of inertia of the cross-section about the arbitrary orthogonal axes. The centroid coordinates of the cross-136 
sections at the nodes were used to calculate the following: 137 
 138 

Length of the culm (mm), 𝐿 = *UC𝑥W − 𝑥'G
8 + C𝑦W − 𝑦'G

8 + C𝑧W − 𝑧'G
8Z      (7) 139 

 140 

Internodal length (mm), 𝐼𝐿 = *UC𝑥[ − 𝑥\G
8 + C𝑦[ − 𝑦\G

8 + C𝑧[ − 𝑧\G
8Z      (8) 141 

 142 
where x, y & z are the coordinate components of the centroid, sub-indexes i & f, are the initial and final node and j & k are any two 143 
consecutive nodes. The out-of-straightness (δ) was digitally measured following the recommended methods of measurements for round 144 
and sawn timber [36]. As such, the out-of-straightness was calculated as the maximum perpendicular distance between the centroidal 145 
line of the element (Fig. 3d) and a straight line joining the centroid of the cross sections at each end.  146 
 147 



 

 

 148 
Figure 3. Polygon-mesh model (a) simplification process (b) into a NURBS-surface (c) and its corresponding discretised model (d) 149 
 150 

 151 
Figure 4. Typical asymmetric cross-section and its corresponding equivalent section (dashed) 152 
 153 
3. Results 154 
A total of 235 scanned bamboo culms were included in a digital database from which basic geometric properties were extracted, 155 
compared and analysed. Fig. 5 shows an example of a typical bamboo NURBS model and its corresponding geometric properties. In 156 
total, 250, 961 and 650 digital measurements of diameter, thickness and internodal length were extracted for Guadua, Moso and 157 
Oldhamii bamboo, respectively. A single out-of-straightness (δ) was measured for each bamboo, and it is expressed in Fig. 6 as a ratio 158 
(δr) of the total length to the out-of-straightness measurement: 159 
 160 
Out-of-straightness ratio (mm/mm): 𝛿^ =

_
`
       (9) 161 

 162 
Statistical values (mean, standard deviation, minimum and maximum) of these basic properties were calculated for each bamboo species 163 
and a summary of results is shown in Fig. 6 and Table 4. 164 



 

 

 165 
Figure 5. Typical NURBS model of a digitised bamboo culm and basic geometric properties extracted from it 166 
 167 



 

 

 168 
Figure 6. Mean, standard deviation and extreme values of basic geometric properties 169 
 170 
The range of diameter for Guadua and Moso are relatively high compared to Oldhamii, which presented more consistent equivalent 171 
diameter values for the measured culms. Guadua presents the largest range in thickness but with an average value similar to those of 172 
Moso and Oldhamii. The three species presented a high variation in internodal length with Oldhamii having a higher average value than 173 
Guadua an Moso. Out of straightness ratio showed the most variable results among the studied species with Oldhamii being in average 174 
the straightest culms and Moso the species with the highest average out-of-straightness. 175 



 

 

 176 
3.1. Cross-section properties 177 
As displayed in Fig. 4, the actual cross-section properties of the bamboo differ compared to those of an equivalent circular tube because 178 
of bamboo’s organic nature. Fig. 7 and Table 4 show the percentage difference between the moment of inertia of an equivalent circular 179 
tube (I), taken as benchmark, and the principal major (I1) and minor (I2) moments of inertia of the actual cross-section. Fig. 8 shows the 180 
cumulative frequency distribution related to the percentage difference between I, as benchmark, and I1 & I2. This figure illustrates the 181 
percentage of culms (vertical axis) whose actual moment of inertia (I1 or I2) differs from the idealised inertia (I) by no more than a given 182 
percentage difference (horizontal axis). The reduction of inertia per unit meter is presented in Fig. 9 and Table 4, considering the three 183 
bamboo species. Fig. 4 also shows the principal axes angle (θ) from an arbitrarily defined set of axes Y-Z. Mean, standard deviation and 184 
extreme values for the absolute range of variation per culm is shown in Fig. 10 and Table 4. 185 
 186 

 187 
Figure 7. Percentage difference between the actual major (I1) and minor (I2) principal moment of inertia and the moment of inertia of 188 
an equivalent circular tube 189 
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 191 
Figure 8. Cumulative frequency distribution for the difference between equivalent inertia and its corresponding major (I1) and minor 192 
(I2) principal inertia 193 
 194 



 

 

 195 
Figure 9. Mean, standard deviation and extreme values of inertia reduction per meter, measured from the bottom end of the bamboo 196 
 197 

 198 
Figure 10. Mean, standard deviation and extreme values for the range of variation of the angle θ 199 
 200 
3.2. Correlation analysis 201 
The correlation plot for thickness and diameter is shown in Fig. 11. The variation of these two equivalent properties along the length of 202 
the culm is individually computed so that: 203 
 204 
Diameter variation (mm/m): 𝐷a =

b0
b_

        (10) 205 
 206 
Thickness variation (mm/m):	𝑡a =

bc
bd

        (11) 207 
 208 
where ΔD & Δt are the difference in diameter and thickness between the bottom section of each culm and a section at a distance ΔL 209 
measured towards the top end of the culm (Fig. 12 & 13 and Table 4). 210 
 211 
The Pearson’s correlation coefficient was used to measure the statistical correlation between i) equivalent thickness and diameter; ii) 212 
diameter (ΔDi) and length (Li) and iii) thickness (Δti) and length (Li) as shown in Table 5, together with the coefficient of determination 213 
(R2) of a linear regression on these properties. Common statistical methods to find correlation patterns are based on the assumption that 214 
the data follows a normal distribution, therefore the acquired database of basic geometric properties of bamboo culms was also tested 215 
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for departure from normality, according to [37], applying the directional test for skewness and kurtosis. Table 6 shows the results of 216 
directional test analysis.   217 
 218 

 219 
Figure 11. Thickness and diameter correlation for Guadua, Moso and Oldhamii 220 
 221 

 222 
Figure 12. Diameter variation per meter 223 
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 225 
Figure 13. Thickness variation per meter 226 
 227 

    Species Min / Max Mean Std. Dev. 
Diameter 

(mm) 

 
Guadua 81 / 151 110 18  
Moso 55 / 142 85 16  

Oldhamii 50 / 82 65 7       
Thickness 

(mm) 

 
Guadua 5.9 / 22.8 11.4 4.0  
Moso 5.6 / 14 8.6 1.5  

Oldhamii 5.4 / 13.6 8.7 1.9       
Internodal length 

(mm) 

 
Guadua 149 / 446 296 69  
Moso 104 / 404 260 56  

Oldhamii 279 / 615 453 64       
Out-of- straightness   

(mm/mm) 

 
Guadua 66 / 478 212 108  
Moso 37 / 529 147 103  

Oldhamii 76 / 771 223 107       
% Difference I1-I 

 
Guadua 0 / 14 4 3  
Moso 0 / 26 5 3  

Oldhamii 0 / 17 5 3       
% Difference I2-I  

 
Guadua 0 / 16 5 3  
Moso 0 / 29 5 3  

Oldhamii 0 / 20 6 3       
Inertia reduction  

(% per m) 

 
Guadua 6 / 28 15 5  
Moso 12 / 32 20 4  

Oldhamii 1 / 40 15 6       
θ variation 

(deg) 

 
Guadua 0 / 180 77 65  
Moso 0 / 180 77 70  

Oldhamii 0 / 180 78 61       
Diameter variation  

(% per m) 

 
Guadua -4 / 8 3 2  
Moso -5 / 18 7 2  

Oldhamii -5 / 9 1 2       
Thickness variation  

(% per m) 

 
Guadua 0 / 6 1.0 1.3  
Moso 0 / 1 0.4 0.3  

Oldhamii 0 / 3 0.9 0.6 

Table 4. Numerical summary of results 228 
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 230 
Method Thickness to Diameter Diameter(ΔD) to Length Thickness(Δt) to Length 

 Guadua Moso Oldhamii Guadua Moso Oldhamii Guadua Moso Oldhamii 

Pearson 0.76 0.83 0.34 0.75 0.93 0.60 0.08 0.22 0.71 

R2 0.57 0.69 0.11 0.57 0.86 0.36 0.01 0.05 0.51 
Table 5. Pearson’s correlation and linear coefficient of determination (R2) 231 
 232 

 Skewness  Kurtosis 

Property Value Limit  Value Limit 
Guadua Diameter 0.62 

0.25 

 
2.44 

2.55 Thickness 0.96 
 

3.12 

Internode length -0.18 
 

2.36 
Out-of-straightness (δr) 0.66 0.66 

 
2.53 1.98 

Moso Diameter 0.65 

0.13 

 
2.95 

2.76 Thickness 0.74 
 

3.33 

Internode length -0.16 
 

2.51 
Out-of-straightness (δr) 1.84 0.6 

 
6.25 2.35 

Oldhamii Diameter 0.51 

0.16 

 
2.55 

2.71 Thickness 0.41 
 

2.37 

Internode length -0.11 
 

2.49 
Out-of-straightness (δr) 1.56 0.35 

 
7.64 2.4 

Table 6. Departure from normality test for the basic geometric properties 233 
 234 
4. Discussion 235 
The digitisation process presented in this study substantially improves the acquisition of the geometric features of bamboo culms through 236 
the use of an entry level scanner resulting in high-accuracy 3D models. The applications of digital modelling of bamboo culms are not 237 
limited to the scope of this work (geometric analysis) as it allows to extract the relevant information necessary to support the 238 
development of, but not limited to, 3D space grid-shells and free-form design, structural analysis, geometric and structural optimisation, 239 
material utilisation, construction management and connection design and fabrication. Even though all scanned and processed bamboo 240 
culms were selected according to local [16,38,39] and international [14] guidance, as expected, their basic geometric properties still 241 
presented a high variability which is likely to increase as the sample size grows [40], especially when culms are not subjected to specific 242 
and time-consuming visual examinations. However, average results shown in Fig. 6 are in accordance with the geometric properties 243 
found in the literature for the studied species and corresponding sections of the plant.  244 
 245 
Bamboo NURBS models were particularly useful to enable the accurate and systematic measurement of the out-of-straightness of the 246 
culms which is fundamental to determine their load carrying capacity [11,12,17]. These culms are organic structural elements whose 247 
centroid shows a continuous spatial variability (not a straight line) and are cut to any length according to the building requirements. 248 
Therefore, the out-of-straightness (δr) of the final, cut-to-size, structural culm is a more relevant structural parameter than that of 249 
harvested culms of arbitrary lengths. Fig. 14 shows an example where a shorter length within a harvested culm (Lb) produces a more 250 
critical out-of-straightness ratio than the original harvested length (La). Associating an out-of-straightness (δr) value to a harvested culm 251 
is therefore not appropriate for any grading or selection process, so that each structural element should be assessed depending on its 252 
final length. For example, if the harvested length of the studied culms is considered to assess their suitability as structural members 253 
according to the out-of-straightness limit proposed for each species (Table 1), 80% of the Guadua and 40% of the Moso culms would 254 
be rejected. The average (± standard deviation) out-of-straightness ratios (δr) obtained using the culms’ harvested length (Eq. 9) were 255 
212±108, 147±103 and 223±107 for Guadua, Moso and Oldhamii respectively. 256 
 257 



 

 

 258 
Figure 14. Spatial out-of-straightness of a bamboo culm 259 
 260 
4.1. Cross-section properties 261 
In average, actual cross section properties differed 5% from the equivalent properties (Fig. 7), however, the percentage of culms having 262 
an equivalent cross-section deviating 5% or more from the actual property was 35%, 42% and 45% for Guadua, Moso and Oldhamii 263 
respectively (Fig. 8). This deviation of cross-sectional properties is directly related to the irregularity of the actual tubular shape. The 264 
average reduction in inertia per unit meter along the pole was, 15% for Guadua and Oldhamii and 20% for Moso (Fig. 9, Table 4). This 265 
effect is not only related to the reduction in diameter and thickness along the pole (taper) but also to the change of cross-sectional shape 266 
which was observed to have a random distribution. This random distribution in the cross-sectional shape is reflected in the wide range 267 
of angles (θ) at which the principal moments could be found along a single a culm as shown by the standard deviations in Fig. 10. The 268 
structural implications of the variation in cross-sectional properties is still under study [11,42,43], therefore accurate and systematic 269 
methods to measure these properties and assess their variability are necessary to continue improving our understanding of bamboo as a 270 
structural element. 271 
 272 
4.2. Correlation analysis 273 
The inherent variation in the geometric properties of bamboo culms needs to be studied to determine potential correlation patterns 274 
among these properties that could help define possible grading and quality assurance systems. For example, the thickness shows a 275 
tendency which is directly proportional to the diameter (Fig. 11), however the individual variability of these two properties reduces the 276 
possibility of a strong correlation pattern (Fig. 12 and 13). In some instances, bamboo culms from all three species presented an increase 277 
in equivalent diameter towards the top end, when a reduction is commonly expected (Fig. 12). The coefficients of correlation obtained 278 
(Table 5) indicated that only the diameter and length of Moso had a strong correlation (Pearson=0.93, R2=0.86), which is similar to 279 
other findings [11] which employed manual measurement methods to acquire basic geometric properties. This result is far from 280 
conclusive as Moso is only one of the many potential species suitable for construction and results from this work can only be related to 281 
Moso bamboo with similar characteristics. Normally distributed data is a basic assumption necessary to apply correlation tools to 282 
develop models that describe variables, but the basic geometric properties studied did not always follow a normal distribution (Table 283 
6). The study of the significance and applicability of this deviation from normality to this and other species is beyond the scope of this 284 
work and should be examined based on further datasets. 285 
 286 
5. Conclusion 287 
The inherent geometric irregularity of bamboo culms is one of the main challenges for their integration into formal design and fabrication 288 
processes in the construction industry. The limitations of manual measuring techniques based on analogue tools can be overcome 289 
through the reverse engineering approach presented in this study which, based on 3D scanning and digital modelling tools, can 290 
efficiently and accurately capture the organic geometry of bamboo culms. This approach has been applied to capture the geometric data 291 
of 235 culms of three different bamboo species and generate their corresponding NURBS-surface models and numerical databases to 292 
determine their fundamental geometric properties. Due to the non-destructive nature of the scanning process and based on previous 293 
evidence, the internal bamboo surface in these models has been generated based on a linear interpolation of the scanned wall thickness 294 
at the end-sections of the culms. This work presents the results of a comprehensive analysis of these geometric properties including the 295 
study of any potential correlation among them. The results of this study showed that the basic geometric properties of culms have a 296 
wide range of variability without any clear correlation patterns that could be adopted as potential grading or quality assurance systems. 297 
A clear understanding of the geometric variability of bamboo culms can support their widespread utilisation in construction through 298 
new formal design and construction processes suitable for these natural structural elements. The proposed reverse engineering 299 
methodology adopted for this study has the potential to support these new processes as the degree of geometric variability of bamboo 300 
culms seems to be incompatible with some of the traditional process developed for manufactured structural elements. 301 
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