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Abstract 
The purpose of this paper is to propose a low-technology connection of reciprocal frames made of Moso 
bamboos and confirm the construction workability and the low costs. The geometrical shape of the 
reciprocal frame is generated by configuration processing of Formian. The length and the external 
diameter of the bamboo member are around 1.5m and 60mm, respectively. The height and the span 
length of the frame structure are 2.41m and 5.72m, respectively. The structure is composed of three-
member assemblies of the bamboo. Estimation method of predicting a Young’s modulus, bending 
strength and a thickness based on the external diameter is proposed to carry out the structural analysis 
for the evaluation of structural performance. The estimation method is based on data of the measurement 
and the bending experiment of the bamboo. The bamboo reciprocal frame designer can prepare the data 
such as a Young’s modulus, bending strength and a thickness for the structural analysis and carry out 
the analysis. In conclusion, the reciprocal frames would provide temporary evacuation accommodations 
in low cost and excellent workability. Timber reciprocal Frame designers is also able to carry out the 
structural analysis by means of the configuration processing of Formian and the estimation method of 
the characteristics of the bamboo member and the connection composed of the pipe and the rope. 

Keywords: bamboo spatial structures, reciprocal frame, bamboo, PVC (polyvinyl chloride) pipe, rope, low-
technology, low costs, construction workability, estimation method of bamboo characteristics, configuration, 
formian. 

1. Introduction 
Bamboo plants are widely growing in many countries like Japan and tropical countries such as 
Cambodia, and are now attracting attention as new resources of construction material in the 21st century, 
as timber resources are decreasing. Bamboo grows to be usable in only 3 to 5 years, unlike wood and 
other biological materials. For this reason, surplus of bamboo and damage to forests due to proliferation 
of bamboo are becoming a problem. However, since this rapid periodic logging can be performed, its 
effective use is thought to contribute to the reduction of atmospheric CO2. In addition, bamboo in the 
architectural field is limitedly used as a non-structural material such as a finishing material, and is rarely 
used as a structural material. Therefore, if bamboo materials can be actively utilized in the construction 
field, it is possible to reduce the manufacturing cost of buildings and as a result, lead to the possibility 
of making the most of the bamboo resources on the international level.  

In particular, bamboo is light and can be efficiently processed by hand, so it is considered to be an 
effective means for residents to construct pavilions or temporary buildings in areas affected by large 
earthquake, tsunami and so on. 
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This study deals with temporary spatial structures such as reciprocal structures by using bamboos 
because of the above background to achieve the SDGs (Sustainable Development Goals). The realizing 
of the structures also contribute to resources and costs with regard to the destruction of bamboo forests 
and the reduction of CO2. 

2. Research Objectives and Methodology 
The purpose of this paper is to propose a low-technology connection of reciprocal frames made of Moso 
bamboos and confirm the construction workability and the low costs. The geometrical shape of the 
reciprocal frame is generated by configuration processing of Formian. The length and the external 
diameter of the bamboo member are around 1.5m and 60mm, respectively. The height and the span 
length of the frame structure are 2.41m and 5.72m, respectively. 

Bamboo reciprocal structures are suitable for temporary buildings. The bamboo member is subjected to 
bending stresses due to applied loads, while bamboos have enough resistant capacity with regard to the 
bending moments. It is also easy for bamboos to obtain at low cost and stabilizes this structure by means 
of PVC pipes and ropes. This is a reason why bamboos are used in the structures. 

In this study, the possibility aimed at expanding the use of bamboo materials and the application of 
reciprocal structures to temporary structures would be confirmed by carrying out its bending strength 
experiments. The structural analysis is also carried out to investigate the load carrying capacity. 

3. Strength Measurement of Bamboo due to Bending Moment 
It is necessary for the proposed reciprocal structure to evaluate the structural performance and confirm 
the habitability in safety, even though its use is a temporary structure. This is a reason why structural 
analyses are required for the realization. 

In this study, experiments are carried out to propose formulas for relationship between the external 
diameter and the internal diameter with regard to Moso bamboos. It is also shown that relationships of 
the bending stiffness and the maximum bending moment are obtained by using the external diameter 
easily. Moso bamboo culms used in experiments are harvested at the bamboo forest in Echizen town, 
Fukui prefecture, Japan. The validity of the empirical formulas for estimating the properties such as the 
internal diameter, the maximum bending moment, and the bending stiffness in term of the external 
diameter is also shown in comparison with the previous studies [1] and [2]. 

3.1. Measurement of Cross-section of Moso Bamboo Culms 

3.1.1. Specimen 
The test specimens are 4 Moso bamboo culms (green) of more than 3 years old, harvested on July 27, 
2019. 

3.1.2. Measurement method 
The cross section was measured according to the following procedure.                                                                                 

(1) Label the central sections of each internode from the butt end to the top end, with the node near 
the stem base regarded as the first node. 

(2) Measure all internode lengths, 
(3) Saw the central sections of the internode and take a specimen piece. 
(4) Measure the cross-sectional dimension at the base opening side of the specimen piece using a 

1/100 mm caliper and through the method shown in figure 1 below.                      
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Figure 1: Experiment Specimens Preparation 

3.1.3. Results and discussion  
Fig. 2 combines data from this study and the previous study [1] (14 Moso bamboo culms). 

 

 

 

 

 

  

  

 

Figure 2: Relationship between internal and external diameter 

The proportional relationship between the internal diameter and the external diameter is recognized in 
Fig.2. Therefore, the regression line is obtained by the following equation. 

                                                                      d = 0.81 ・ D                                                                    (1) 

Where d is the internal diameter and D is the external diameter. 

It is confirmed from the regression linear equation that, the internal diameter d (mm) at any culm length 
position of Moso bamboo culm, can be estimated with high accuracy in term of the external diameter D 
(mm) at the position. As a result, the cross-sectional performance such as cross-sectional area, cross-
sectional modulus and so on can be estimated by using the external diameter. 

3.2. Experiment on Bending Strength of Moso Bamboo Culms 

3.2.1. Specimens 
The test specimens are 9 Moso bamboo culms (green) of more than 3 years old which were harvested 
on October 08, 2019. 
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3.2.2. Measurement method 
 

                                                                                                                                                                      
Figure 3: Three-point Bending Experiment 

The bending test was performed by a three-point bending method using a centrally concentrated load 
(load applied to the node by a wire) at a load speed of 20 mm / min with a span of 2000 mm. The bending 
deflection was measured by a winding displacement meter attached to the load point. 

3.2.3. Results and discussion  
The internal diameter of the specimens can be estimated in term of the measurable external diameter, 
which is based on the empirical formula (1).  The hollow circular section beam, the secondary moment 
of section (I) can be calculated by using a material mechanics. In addition, the bending stiffness EI (E: 
bending Young's modulus) and the maximum bending moment Mmax can also be calculated by using the 
above mentioned values. The following figures are plotted by using the experimental data and the 
previous study [2] (14 Moso bamboo culms). 

Figure 4: Relationship between Mmax , EI and the external diameter, respectively. 

A strong correlation exists between the external diameter and the maximum bending moment Mmax and 
also the bending stiffness EI, as shown in the above figures. In other words, the rigidity and strength, 
which are a necessary input data for the structural analysis, could be estimated with relatively acceptable 
accuracy in term of the external diameter. This shows a real possibility of bamboo temporary structures 
for the design in safety against external loads such as a wind load, a snow load and so on. 

4. Overview on Reciprocal Structure 
The reciprocal structure is a self-supporting three-dimensional structure, having a large span and is 
formed by overlapping short members. Such structures may be considered to be invented by humans, 
but in fact small inter-organisms called cocolithophore [3] also show that interwoven or interlocking 
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systems exist in nature. The problem with the reciprocal structure is that bending stress is generated in 
each member. 

5. Outline of The Dome 
In this study, the dome was constructed by using practical joints composed of PVC pipes and ropes. 
First, the configuration of this dome is generated for achieving this purpose. Second, it is necessary to 
analyze and examine the possibility of using bamboo and expanding the mutual structure to a temporary 
space structure. 

The reciprocal structure is composed of three or more inclined members forming a unit. Large-scale 
such structures, constructed as a complex frame of one or several similar units, have an intrinsic beauty 
derived from their inherent self-similarity and symmetric patterns. 

In order to determine the unit to be used for the dome, the units shown in Table 1 are structurally 
analyzed. Then, the following result is obtained. 

 

Table 1: Maximum bending moment of frame unit of three or more members 

 

 

  

 

 

 

It can be confirmed that the maximum bending moment Mmax of each unit is almost the same from Table 
1. Thus, a three-member unit is relatively more efficient in terms of materials used than four or more 
units. In this research, the dome is proposed using a unit of three members in consideration of cost and 
workability. 

 

 

 

 

 

 

Figure 5: Structures, composed of members with the increase in units 3, 10, 20, 35 … 

 

 

 

 

 

 

Figure 6: Relationship between member length and dome height 

 Mmax 

Height 

Length 
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It would be appropriate space with the 5.72m span with a 1.5m member length and the 2.41m height for 
temporary structures, as shown in Figure 6. 

   

  

   

  

   

 

 

Figure 7: Determination of the shape of the dome 

6. Comparison of coordinates 
In this study, first, the shape of the dome was generated by morphological analysis [4] using a genetic 
algorithm [3] (hereinafter abbreviated as morphological analysis). Here, the validity of this shape is 
compared and examined with a model and a full-scale dome described in Chapter 4. The model used a 
styrene cylinder. Based on this model, the three-dimensional coordinates are compared and examined 
below. Second, the structural performance is investigated by the structural analysis. 

It was found that the three-dimensional coordinates were almost the same, but it was confirmed that the 
difference became smaller as the nodes became higher in Figure 8. Although the position of the fulcrum 
was relatively large, it was confirmed that the other nodes almost coincided in Figure 9. 

 

    

 Figure 8: Comparison of Coordinates from the Top view  
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Figure 9: Comparison of XYZ Coordinates 

7. Trial assembly 

7.1 Development of joints with efficient workability 
The proposed joint uses PVC pipes and ropes as shown in Figure 10. Further, the position of the main 
joint can be adjusted by ropes. Therefore, it is possible to easily assemble the dome by overlapping the 
members. 

 

 

 

  

 
  

  

 

Figure 10: Detailed view of the joint used for this dome 

The feature of this joint is that the direction of the hole or the PVC pipe can be adjusted at the time of 
assembly as shown in Figure 10. Also, by connecting the members with ropes, the eccentricity can be 
kept in Figure 11. 

(a) (b) 

(c) 
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Figure 11: Joint using PVC pipes and ropes 

7.2 On-Site Construction 
Trial construction was conducted for the purpose of easy construction and grasp of problems during 
construction. In this dome, the member length was 1.5 m, but the member length was changed to 1.7 m 
as shown in Figure 12, so that the members could be properly overlapped. The member is preliminarily 
drilled at four places and penetrated through a PVC pipe. 35 members were manufactured by two 
persons in about 45 minutes. 

 

 

 

 

 

Figure 12: Module of members 

The assembly at the site was performed as a unit consisting of three members connected by ropes as 
follows. In four steps, two people worked in about 1.5 hours without using special tools. 

 

 

 

 

 

 

 

 

Step 1      Step 2             Step 3                   Step 4 

Figure 13: Determining the shape of this dome, which creates a space by overlapping members 
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                                            Figure 14: Assembled dome 

7.3 Results and Discussion 
The assembled dome has a maximum height of 2.32m and a span of 5.50m. When the members are 
unitized, it is necessary to pay attention to the splitting of the bamboo material ends and the displacement 
of the joints due to the variation in the diameter of the bamboo culms depending on the degree of drying 
and the size of the drill mouth. 

8. Structural analysis of this dome 

To study the structural behavior of the dome subjected to vertical force, the elastic structure analysis of 
the model of the dome using the shape obtained from the morphological generation was performed as 
follows. 

Table 2: Analysis conditions 

 

 

 

 

 

 

 

By using the empirical formula for the relationship between the external diameter and the maximum 
bending moment Mmax, the maximum bending moment Mmax of 1420 kN·mm was calculated for the 
average external diameter of a 60 mm member. And, by using the empirical formula for the relationship 
between the external diameter and the bending stiffness EI, the Bending Young's modulus E of 1500 kN 
/ cm2 was determined from the average external diameter of the member. 

 

 

 

 

  

Total Load Ptotal=7.88kN   Maximum bending moment Mmax=1420kN•mm 

Figure 15: Analysis results 

 
A 
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It is considered that the maximum bending moment (1420 kN·mm) was reached at the joint of the 
member A shown in Figure 15 due to the asymmetry caused by the coordinates studied in Chapter 6. 
However, in this structural analysis, the boundary condition and the joint are modeled as pins. Therefore, 
it is necessary to clarify the structural performance and proof stress of this dome in the future by 
evaluating the rigidity and proof stress of the proposed joint. 

9. Conclusion 
The bending strength performance of Moso bamboo culm was investigated by the experiments of the 
bamboo members. The results showed significant correlations between the internal diameter, the 
maximum bending moment (Mmax), and the bending stiffness (EI) of the bamboo culm with respect to 
the external diameter. Therefore, the maximum bending moment and the bending rigidity for structural 
analysis can be estimated with relatively good accuracy in term of external diameter of the bamboo culm. 
It is also confirmed that, the validity of the empirical formulas of the material in this study for estimating 
the properties, such as the internal diameter, maximum bending moment, and bending stiffness in term 
of the external diameter is also confirmed in comparison with the previous studies [1] and [2]. 

It was shown that this joint is excellent in terms of practicality with cost reduction and efficient 
workability. It was also shown that the structural characteristics such as the bending stiffness and 
Young's modulus of the dome can be obtained by using the proposed experimental formula in this study 
and the coordinates obtained by the morphological analysis. Therefore, it is expected that the use of 
bamboo can be expanded and the reciprocal structure can be applied to temporary space structures.  
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