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Abstract. Coreless fiber winding (CFW) as a digital and automated 
fabrication technology presents high customization and productivity in 
fabricated components and has been utilized in some large-scale 
pavilion constructions. However, the existing CFW technology broadly 
utilized one-off prefab support frames, that limits the flexibility of the 
fabricated unit design and wastes the frame material. This study 
proposes an adaptive robotic fiber winding system by introducing a 
temporary support frame in CFW and validates the feasibility and 
reliability of the system in a unitized table base prototype. The table 
base showcase has resolved the digital workflow of the method and 
presents a consequential improvement in reusability and design 
flexibility for existing CFW technology. The proposed method in this 
study collaborates sustainable fabrication with computer-aided design, 
robotic automation and fibrous composite construction material. It is 
expected to gain more attraction in house building market and reduce 
the construction carbon impact to the environment. 
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1. Introduction 

The increasing prevalence of digital and automation technologies in the fabrication 
process has significantly improved the productivity of customized nonstandard 
building components(Hack et al., 2017; Wu dt al., 2016). Owing to their performative 
material characteristics, fiber composite materials have shown significant potential in 
the fabrication of architectural parts, such as the coreless fiber winding (CFW) (Christie 
et al., 2021; Estrada et al., 2020; Prado et al., 2014) developed for large-scale 
monocoque structures (La Magna et al., 2014)and adapted modularized components 
(Knippers et al., 2016).  CFW has exhibited exceptional performance for large-scale 
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customized structures, with highly flexible and structurally efficient FRP composite 
materials, and extraordinary sustainability, by significantly minimizing waste in the 
formwork construction and demolding process (Felbrich et al., 2017). However, the 
current CFW technology is implemented with one-off prefab support frames during 
the winding process, which limits the design flexibility for aggregate components, and 
is a trade-off for the lightweight fabricated performative fiber structure. 

This article proposes a robotic fiber weaving technology based on adaptive 
temporary supports, which expands the existing CFW technology by integrating 
robotic assembly and robotic weaving in the fabrication of customized components. 
Rather than employing a prefab framework, the new technology utilizes robotic 
positioning of temporary support points to accommodate a large variation in 
component geometries. With high customizability and reusability, the new support 
system allows flexibility in component design and minimizes the fabrication cost for a 
fixed frame. 

2. Adaptive Winding System Methodology 

The proposed adaptive fiber winding system aims to build customized components in 
a cost-efficient and productive manner. To achieve successful fabrication for 
components with highly variable geometries, the system was developed using the 
following approaches. 

One outstanding scheme is the customized robotic positioning of temporary 
supports in place of a prefab fixed frame. The temporary support system is designed to 
allow arbitrary reference points to be positioned within the working space for the 
subsequent weaving process, instead of being constrained to the prefab frame. The 
reference points of the temporary supports are accurately positioned in physical space 
with absolute coordinates. Compared with the fixed framework method, this method 
eliminates the need for the prefabrication of unique fixed frames for each geometric 
variation of a component, as well as framework positioning deviation during 
coordinate conversion from the physical world to the design model. The new method 
is rooted in the interwinding relationship between robotic assembly and robotic 
winding. Overall, it is an innovative research technique that combines sustainable 
development strategies with robotic construction. 

Figure 1. Table base geometry and generation 

A systematic weaving design is essential for implementing this fabrication 
technique. In this regard, two aspects should be carefully considered. First, the weaving 
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sequence, which is a crucial part of the process, affects the generation of the objective 
geometry and structural performance of the fabricated components. Second, the robot 
movement, which is an equally essential part, significantly influences successful fiber 
winding at the reference anchor points. A systematic design and planning for both 
segments is required to achieve fluent progress of the fiber winding process that avoids 
collisions between the fibers and robot setup, avoiding damage to the prototype during 
fabrication. 

3. Prototype Fabrication Workflow 

To validate the feasibility of the proposed winding system, a customized table base 
prototype was developed, as shown in Figure 1a. The designed base model was a 
unitized structure comprising 30 components. To achieve a customized shape, a free-
form relaxation technique was adopted on a 2D shape to generate the base shape, as 
shown in Figure 1b, and the obtained shell was extruded to a certain thickness based 
on the shell stress distribution obtained from a uniform loading structural analysis. 
Post-processing of the table base was conducted to flatten the top surface and trim the 
bottom unit to make it self-standing. The final dimensions of the table were 660 mm 
(height) by 2300 mm (width).  

3.1. WINDING PATTERN GENERATION AND OPTIMIZATION 

The prototype was designed to be built in a truss pattern and fabricated with a carbon 
fiber filament, as shown in Figure 2a. To understand the structural performance of the 
truss base under a typical table surface load, a numerical model was analyzed, and the 
stress distribution is shown in Figure 2b, with red and blue indicating compression and 
tension, respectively.  

Figure 2. a) Table base truss pattern b) Estimated stress distribution of the table base 

As a material designed to be utilized under tension, carbon fiber filaments can only 
serve as compressive truss elements if they have sufficient stiffness from the resin 
matrix. In this prototype, laminating epoxy resin was used to reinforce the filament 
strength. Regarding the fiber material, a polyester line was utilized in the prototype 
rather than directly applying carbon fiber to showcase the technique owing to its wide 
availability and low cost. Based on the numerical analysis, high compressive stress 
occurred in numerous elements, and the governing failure mode was hypothesized to 
be buckling owing to the slender geometry. To increase the buckling capacity, the 
number of polyester lines must be increased in the elements under high compressive 
stress to enlarge the cross-sectional area. 

163



Z.Y. XIN ET AL. 

The number of lines for each element was determined based on Figure 2b and a 
simple structural test. As shown in Figure 3a, a manual weaving polyester line truss 
unit was fabricated, with 10 lines for each element. The laminating epoxy resin was 
then applied and cured to obtain sufficient stiffness and compressive capacity. The 
finished unit was loaded with weights on the top and ultimately held 30 kg. The results 
were used to estimate the compressive capacity of a single cured polyester line of unit 
length, which was input into the numerical results to obtain the number of lines. Based 
on the analysis, the number of lines varied from 9 to 27 for all the elements. Nine was 
the minimum number of lines required to stabilize the unit and was applied on tensile 
elements and low compressive elements; 27 was the maximum number of lines, which 
was used for the truss elements under the highest compressive stress. All the units and 
number of lines were then correlated, as shown in Figure 3b.  

Figure 3. a) Structural test of a manual weaving truss unit b) Units with correlated line information  

3.2. EQUIPMENT SET-UP 

The prototype unit was fabricated using a UR10 robot system. The robot was installed 
on an aluminum profile table, and the temporary support, as proposed, was directly 
connected to the table. Prior to anchor point positioning by the robotic assembly, four 
vertical supports were installed directly on the table, as shown in Figure 4a. The bar 
holders were bolt-connected to the table, and the vertical steel bars were tightened 
inside the holders. The four-support system was input into the Grasshopper Plug-in for 
robotic path planning as previewed in Figure 4b and calibrated with robot to ascertain 
its position accuracy.  

Figure 4. Equipment set-up 

In the above assembly approach, the equipment setup must remain on the table until 
each unit is completely finished, which wastes considerable time considering the resin 
application and curing process. A second version of the equipment setup was 
developed by installing the four supports on an MDF panel to allow relocation of the 
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fabricated unit before resin application, as shown in Figure 4c. A new unit could then 
be fabricated with the robot while resin was applied to the previous one and cured 
without occupying the robot. The support locations on the panel were all positioned by 
a CNC cut, and the panel was constrained by four angle positioning blocks on the table, 
which ensured consistent equipment setup locations for every unit. This new approach 
increases the fabrication productivity by reducing unnecessary time on the robot table 
and allowing simultaneous work on multiple units. 

3.3. ROBOTIC ASSEMBLY AND WEAVING 

The core part of this table base manufacturing process is the integration of robotic 
assembly and robotic weaving. With the implementation of these two steps, 
customized units can be accurately fabricated. Prior to assembly and weaving, the units 
shown in Figure 3b must be oriented in the robotic working space to define the eight 
anchor point locations for subsequent work. 

3.3.1. Robotic Assembly 
Robotic assembly provides customized assembly of adaptive temporary anchor points.  
The anchor points were pre-installed on the horizontal bars and placed on a fixed station 
(Figure 5a). The robot arm located the anchor points in the design position by the pick-
and-place process, as shown in Figure 5a-c. Subsequently, the horizontal bar was 
manually fixed to the vertical support frame to secure the anchor points, as shown in 
Figure 5d. During this process, the movement of the robot requires strict control to 
avoid collision with the surrounding environment and sufficient tolerance to install the 
fixing pieces.  

Figure 5. Robotic assembly 

3.3.2. Polyester Line Winding 

Following adaptive support assembly, a systematic robotic weaving process was 
explored. First, the anchor points must be specifically designed to assist in the weaving 
process. As shown in Figure 6a, the initial design was a circular hook made of steel 
wire, which failed owing to easy deformation of the soft material and polyester line 
spreading on the hook due to the circular geometry. The second design was a waterjet-
cut steel hook with a long guiding rail for polyester line weaving and a small 
accumulation area to concentrate the polyester line to increase weaving accuracy. The 
second attempt increased the feasibility of the robotic winding process, but it was 
difficult to demold from the unit in the subsequent resin application and curing stage. 
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Then, a third design was proposed which maintained the main features of the first and 
second designs. The accumulation area was inherited from the first design with a 
circular geometry, which facilitated the demolding of the fabricated unit after curing. 
The separated guiding rail inherited from the second design can be attached to the hook 
during robotic weaving and removed when the weaving process is complete.  

Figure 6. a) Hook geometry evolution b) Winding head design 

The robotic winding process was implemented within the fabricated unit, which 
required a slender winding head to allow more movement for successful fiber winding 
on the anchor points without collapse with the existing setup. As shown in Figure 6b, 
the winding head was designed as a combination of a long steel bar and steel straw to 
guide the polyester line. Additional smaller guiding rollers were attached to the steel 
bar to avoid fiber entanglement with the winding head during the weaving process.  

Through multiple attempts, the systematic design of the robotic path evolved from 
a simple winding movement to adaptive motions. 

● The first attempt involved a simple movement around the anchor point. To 
sufficiently weave the fiber in the hook gap and tighten it during the entire process, 
the hooks all faced outward, with the top hooks opening upward and the bottom 
hooks opening downward. This path design categorized the anchor points into top 
and bottom points and applied the same path pattern on all of them, moving the 
winding head around the hook opening to weave the fiber into the hook gap, as 
shown in Figure 7a.  

Figure 7. a) Movement path in the first attempt b) Weaving failure for the first attempt 

● Building on the first attempt, the second attempt considered the direction from 
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which the fiber approached the hook. As observed from the first attempt, a simple 
movement path can successfully weave the fiber on the top hooks but not on some 
particular bottom hooks owing to the sagging geometry of the fiber. For example, 
as shown in Figure 7b, the fiber coming from node 2 to node 1 can be successfully 
captured by the anchor hook but will fail when coming from node 3 to node 1. The 
capture of the fiber on the hook obviously relies on the direction of approach, and 
the movement path must be mirrored for the bottom hooks that receive the fiber 
from different directions.  

● In the third attempt, the bottom anchor hook orientation was nearly parallel to the 
unit edge, as shown in Figure 8a. Edge I in the sketch is more likely to collapse with 
the original path design in the first two attempts, and the area between the hook and 
edge I is not sufficient to fit the winding head. The weaving quality is affected when 
the previously woven fiber at edge I is disrupted and becomes loose, as shown in 
Figure 8b. In this attempt, the bottom anchor points were further categorized into 
near edge I or near edge II based on a comparison between their skew angles and 
adjacent edges. The winding head entered from the large-angle side (skew angle II 
in this example), and the tip of the winding head was tilted upward to perform 
winding on the near-edge side, as shown in Figure 8c. 

Figure 8. a) Sketch of hook orientation b) Disrupted fiber c) Tilted winding head d) Fiber 
interruption 

● The final attempt considered the influence of the previously woven fiber frame on 
the new winding fiber geometry. As shown in Figure 8d, the fiber coming from the 
winding head is expected to be wound on the anchor point, but it can be disrupted 
by the existing fiber frame and fail to wind. With this consideration, the fiber 
weaving order must be strictly controlled to reduce winding interruption.   

The final robotic winding path design was categorized into five main types, but all 
must be mirrored based on the fiber entry side at the anchor points. The robotic 
movements are shown in Figure 9a. Following the basic path pattern design, further 
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calibration or improvement of the path details must be implemented for the following 
two main reasons. The first reason is the material imperfection of the equipment setup, 
including the bending curvature of the connected steel bars and the rough surface of 
the 3D-printed pieces. This induces an error of approximately 3 to 5 mm at the anchor 
point locations, which has a negligible influence on the unit geometry (200-400 mm in 
size) but increases the difficulty of the fiber winding process. The second reason is the 
nature of the fiber, which sags when no tensile stress is applied. This can generate 
unexpected patterns, causing the winding process to fail, but it can also be exploited to 
help the anchor hook catch the fiber. A photograph of the fiber winding process is 
shown in Figure 9b.  

Figure 9. a) Five main types of winding path b) Fiber winding process 

3.4. PROTOTYPE RESINING AND CURING 

The combination of robotic assembly and fiber winding generated customized units for 
the table base. The subsequent step was resin application and curing to obtain sufficient 
strength. As shown in Figure 10a, the finished unit was relocated together with the 
anchoring setup, and the epoxy resin was manually applied. The unit was left to cure 
for several hours while the next unit was fabricated. After curing, the unit was 
demolded by disassembling the hooks from the support (Figure 10b) and sliding them 
out of the unit (Figure 10c). The space left by the hooks was used to connect the units.   

Figure 10. a) The manual resin applying b) Cured unit. c) Demoulding process 
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An automatic resining system was explored, as shown in Figure 11a. Rather than 
using epoxy resin, which has a working time of only 15 min, UV resin was utilized. 
The advantage of applying UV resin is that it can be quickly cured under UV light in 
1-2 min, which considerably reduces the time required to cure the fabricated unit before 
demolding from the anchor points. However, the units with UV resin did not have 
sufficient strength to maintain the geometry and sustain any load, as shown in Figure 
11b. Therefore, the plan was suspended. Further improvement of the automatic 
resining system should be conducted to increase the efficiency of the adaptive fiber 
winding system.  

Figure 11. a) Auto-resin apply system set-up b) Comparison of unit geometry with different resins 

3.5. UNIT ASSEMBLY 

 To assemble all the components into the final table base prototype, cable ties were 
used to link all the fabricated units through the anchoring holes, as shown in Figure 
12a. A cable line connection was utilized between the prototype legs to stabilize the 
structure and avoid collapse failure owing to leg sliding. The final prototype, as shown 
in Figure 12b, validates the feasibility of the proposed method for the fabrication of 
customized structures, providing an abundance of geometrical freedom with effective 
structural support for general applications.  

Figure 12. a) Connection details between units b) Completed table base prototype 

4. System Evaluation  

The fabricated prototype was evaluated from two perspectives, geometric accuracy and 
structural performance, to prove the reliability of the proposed adaptive winding 
technique. 

The final dimensions of the prototype were measured to be 2280 mm (width) and 
655 mm (height), which is only an 1% error compared to the designed dimensions. The 
tectonics of the fabricated table base also match the design model. A loading test was 
conducted on the table base to assess the final structural performance. It held 
approximately one adult male on top without failure. Therefore, the ultimate capacity 
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was estimated to be 75 kg. 

5. Conclusion and Discussion  

In this study, a new fabrication system for large-scale spatial structures was developed 
based on a combined workflow of robotic assembly and robotic winding. This study 
validates the feasibility of the proposed system via the design, fabrication, and testing 
of a one-truss table base prototype. The reusability of the robotically assembled 
temporary support system in the fabrication process further increases its 
competitiveness among CFW methods. The proposed adaptive robotic winding system 
also presents significant potential for fabricating different unitized structural systems, 
for example shell structure whereas the shell surface is composed by multiple layers of 
organized fiber filaments. This fabrication system provides a novel method to build 
adaptive, lightweight, sustainable, low-cost, and reliable structures. 

Furthermore, the fabrication system proposed in this study could be upscaled for 
larger units, such as transportable house components. This paves the way for highly 
customized housing construction with affordable prices, accessible materials, and 
sustainable construction. The development of this technology can enhance productivity 
in the housing market, expand aesthetic possibilities in housing design, and attract more 
attention from communities and cities because of its low cost and low environmental 
impact. 

References 
Christie, J., Bodea, S., Solly, J., Menges, A., & Knippers, J. (2021). Filigree Shell Slabs.  
Duque Estrada, R., Kannenberg, F., Wagner, H. J., Yablonina, M., & Menges, A. (2020). 

Spatial winding: cooperative heterogeneous multi-robot system for fibrous 
structures. Construction Robotics, 4(3), 205-215. 

Felbrich, B., Prado, M., Saffarian, S., Solly, J., Vasey, L., Knippers, J., & Menges, A. (2017). 
Multi-Machine fabrication: An integrative design process utilising an autonomous UAV 
and industrial robots for the fabrication of long-span composite structures.  

Hack, N., Wangler, T., Mata-Falcón, J., Dörfler, K., Kumar, N., Walzer, A. N., &  Buchli, J. 
(2017). Mesh mould: an on site, robotically fabricated, functional formwork. Paper 
presented at the Second Concrete Innovation Conference (2nd CIC). 

Knippers, J., Koslowski, V., Solly, J., & Fildhuth, T. (2016). Modular coreless filament 
winding for lightweight systems in architecture. Paper presented at the Proceedings of the 
8th international conference on FRP composites in civil engineering, CICE. 

La Magna, R., Waimer, F., & Knippers, J. (2014). Coreless Winding-A Novel Fabrication 
Approach for FRP Based Components In Building Construction. Paper presented at the 
Proceedings of the international conference on FRP composites in civil engineering, 
Vancouver, Canada. 

Prado, M., Dörstelmann, M., Schwinn, T., Menges, A., & Knippers, J. (2014). Core-less 
filament winding. In Robotic fabrication in architecture, art and design 2014 (pp. 275-
289), Springer. 

Wu, P., Wang, J., & Wang, X. (2016). A critical review of the use of 3-D printing in the 
construction industry. Automation in Construction, 68, 21-31. 
 

170


	1. Introduction
	2. Adaptive Winding System Methodology
	3. Prototype Fabrication Workflow
	3.1. Winding Pattern generation and optimization
	3.2. Equipment set-up
	3.3. Robotic assembly and weaving
	3.3.1. Robotic Assembly
	3.3.2. Polyester Line Winding

	3.4. Prototype Resining and curing
	3.5. Unit Assembly

	4. System Evaluation
	5. Conclusion and Discussion

