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ABSTRACT 
This paper presents a finite element model of the additive 

manufactured part with continuous fiber reinforcement. The 

proposed model exploits the B-spline parameterization of the 

fiber path while approximating the fiber path within a triangular 

element to be a straight line. This simplification enables the 

analytical and computational-efficient calculation of the 

mechanical properties of the printed parts. The elements in the 

model are differentiated into three categories to account for the 

location of fiber: matrix elements, main fiber-reinforced 

elements, and secondary fiber-reinforced elements. Analytical 

formulas to calculate the geometry-dependent stiffness matrix 

are established. With the established finite element model with 

B-spline fiber parameterization, the continuous fiber path is 

optimized by manipulating the control points of the B-spline to 

reduce fiber usage while increasing the stiffness of the part. The 

parts with the reference and optimized carbon fiber paths are 3D 

printed with a continuous-fiber fused deposition method printer, 

with polylactic acid as the matrix material. The estimated 

mechanical properties of the printed parts have been verified via 

experimental tensile tests. 

Keywords: Continuous Fiber Path Optimization, Composite 

Additive Manufacturing, Finite Element Model 

 

1. INTRODUCTION 
Fiber-reinforced materials, due to lightweight, high 

stiffness, and high strength characteristics, are widely used in air 

structures, automobiles, sports equipment, and wind turbine 

blades [1–4]. These materials are conventionally manufactured 

via vacuum forming, co-weaving, pultrusion, powder 

impregnation, and compression processes [5,6]. These 

manufacturing methods require complex molds with high costs, 

and the fibers are limited to fixed orientations. The recent 
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development of fiber-reinforcement materials manufacturing 

focuses on the free manipulation of the local fiber directions and 

volume ratio for further using the anisotropic properties of fiber 

to enhance the part’s mechanical properties [7]. This location-

dependent manipulation of fiber is referred to as structural 

tailoring. The aeroelastic optimization method by finite 

difference [8] optimizes the local fiber direction in each 

spanwise wing box segment using unidirectional composite 

laminates. This method effectively modifies the mechanical 

properties by offsetting the fiber orientation, but its discontinuity 

causes stress concentration and potential crack formation. In 

comparison, fiber tow steering is an innovative solution [9] 

enabling continuous deposition using fiber tow prepreg [10,11]. 

It has the advantages of reducing stress concentrations around 

the geometrical discontinuous and realizing controllable 

mechanical properties by its variable orientation and density 

[12]. However, fiber tow steering has many practical 

manufacturing problems (e.g., delamination, wrinkle, etc.), and 

the high curvature fiber path is very difficult to be achieved [13]. 

On the other hand, additive manufacturing is another promising 

technology that enables structural tailoring with controllable 

fiber direction and distribution with a high degree of freedom 

[11,14]. 

Additive manufacturing is used to manufacture various 

fiber-reinforced materials, including ones with short and 

continuous fiber. From the different types of additive 

manufacturing [15], vat photopolymerization and powder bed 

fusion are primarily used for short fibers, while material 

extrusion is applicable with both short and continuous fibers. 

Compared to short fiber, continuous fiber can achieve 

significantly higher strength, stiffness, and volume ratio [16], 

thus contributing more to industrial applications. As the key to 

continuous fiber additive manufacturing, the fiber path 
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contributes significantly to structural stiffness and strength [17], 

which is typically aligned with the fiber deposition direction 

[18]. 

A preliminary fiber path is commonly defined by 

maximizing the alignment of the fiber to the maximum stress 

directions [19]. However, these heuristic methods cannot 

guarantee the optimal distribution and orientations of the fiber 

path. Models of fiber paths and mechanical properties are 

required to perform more accurate analyses. The mechanical 

properties of parts with unidirectional fiber distribution have 

been studied. Díaz-Rodríguez et al. tested composite with 

different fiber volumes and compared the result with the rule of 

mixtures [20]. Melenka et al. used the volume average stiffness 

(VAS) model to predict the mechanical properties of 

unidirectional continuous fiber composite [21]. Abadi et al. 

further enhanced the VAS model with a bilinear model that can 

accurately predict the Poisson ratio and compared the prediction 

with experiment and finite element model (FEM) [22]. Mishra et 

al. combined the classical laminate theory with the VAS model 

to predict mechanical properties [23]. Polyzos et al. analyzed the 

fiber-reinforced composite from the fiber filament scale to the 

laminates scale and considered the effect of cross-section void 

[24]. However, these established models cannot analyze the parts 

with location-dependent fiber orientation and density. The load-

dependent path planning (LPP) method [25] addresses this issue 

by converting the FEM into an optimization problem, with the 

direction as the optimization variable. After acquiring the 

desirable directions, the continuous fiber path is generated by 

fitting to the solution of the optimized orientation field [26,27]. 

However, this method does not consider the fiber location within 

an element, which will introduce errors in the prediction. Also, 

the method does not explicitly consider the fiber manufacturing 

and layout constraints, thus may deviate from the optimization 

results acquired from LPP.  

This paper proposes a continuous fiber path generation and 

optimization method based on B-spline fiber path 

parameterization to fill this gap. Firstly, a FEM exploiting the B-

spline parameterization of the fiber path and an open-source 

mesh generator by Koko [28] is established. Approximating the 

fiber path within a triangular element to be a straight line, the 

local stiffness matrix of the fiber-reinforced element is derived 

with similar assumptions as the VAS model. After establishing 

the model, the global stiffness matrix calculation workflow is 

designed. The fiber-reinforced elements are classified as main 

and secondary fiber-reinforced elements by the distance from the 

element vertices to the B-spline. The local stiffness matrix of 

each element type is calculated respectively based on the 

established model and assembled to the global stiffness matrix. 

Then, an optimization program is designed to manipulate the 

control points of the B-spline, aiming to increase the part 

stiffness and reduce fiber usage under soft geometrical 

constraints. Tensile tests have been performed to verify the 

modeling and optimization results. The FEM of the part with 

continuous fiber is detailed in Section 2, followed by the 

optimization framework detailed in Section 3. The simulation 

and experiment results are provided in Section 4, followed by the 

summary in Section 5. 

2. FINITE ELEMENT MODELING OF 2-DIMENSIONAL 
PARTS WITH CONTINUOUS FIBER 
The AM process typically involves slicing the 3-

dimensional object into planar shapes to enable layer-by-layer 

printing. Therefore, the fiber path with conventional Cartesian 3-

axis 3D printers is realized in its 2-dimensional (2D) form within 

a layer. Therefore, the mechanical modeling of the freeform 2D 

fiber path is crucial. This section established a FEM with B-

Spline Fiber Parameterization (BSFP). 

2.1. Finite Element Model of Straight Fiber within 
Triangular Mesh 

Consider a three-node triangular element shown in Figure 1: 

the fiber within the element is assumed to be straight. This 

assumption is based on the fact that the mesh size is selected to 

be significantly smaller than the fiber’s achievable radius of 

curvature. To reduce the model complexity and enable fiber path 

optimization, it is assumed that the strain within the fiber and the 

matrix material is the same, which is the same assumption 

adopted in the VAS model. It is also assumed that the contact 

region between the fiber boundary to the matrix is perfect 

without slippage (unlike the partition of unity FEM in [29]). This 

simplification arises from this work’s focus on stiffness rather 

than strength. 

 
Figure 1: Three-Node Triangular Element with Fiber 

Following the conventional definition of the 2D FEM 

formulation, the displacement field   in one 

triangular element is defined as 

  (1) 

where  and  ( =1,2,3) are the displacements of Node  

in the   and   axes, respectively. The shape function 

 is defined as 

  (2) 

where the coefficients with  is written as 

y

x
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  (3) 

  (4) 

The coefficients with   and   are defined by 

alternating the subscript of Eq. (4) in a circular order (i.e., 1

2, 2 3, 3 1). The displacement field relationship in Eq. (1) 

is written in matrix form as 

  (5) 

where  is shape function matrix and  is the nodal 

degrees of freedom written as 

  (6) 

The element strain is written as 

  (7) 

where  is operator matrix defined as 

  (8) 

Substitute Eq. (5) into Eq. (7), then the element strain is 

  (9) 

where  is defined as the geometry matrix. 

Unlike the strain relationship that is constant within the matrix 

and fiber region, the stress distribution  is differentiated as 

  (10) 

where   is the elastic coefficient matrix in the isotropic 

matrix region  written as 

  (11) 

and  is the elastic coefficient matrix in the fiber-reinforced 

region  written as 

  (12) 

In  ,   is matrix Young’s modulus and   is Poisson 

ratio; in  ,   is longitudinal Young’s modulus,   is 

transverse Young’s modulus,   and   are in-plane 

Poisson ratios,   is the shear modulus; and   is the 

transformation matrix from the fiber primary coordinate frame 

 to the reference frame  defined as 

  (13) 

The FEM is established via the principle of virtual work. 

Define the vector collection of all nodal degrees of freedom to 

be , the eth element’s nodal displacement  formulates a 

subset of  defined with a selector matrix , i.e., 

  (14) 

The total potential energy   expressed by displacement  , 

strain , and stress  is written as 

  (15) 

where  is the strain energy;  is the potential body forces 

work;  is the potential concentrated loads work;  is the 

potential distributed loads work;  is the total volume,  is 

the surface where the surface traction acts;  is the body weight 

density matrix;  is the concentrated external loads applied at 

the nodes;  is the surface load, and  is the shape function 

matrix evaluated along the surface. Based on the principle of 

virtual work (i.e., ), the FEM is written as 

  (16) 

where both   and   is the summation from all elements, 

i.e., 

  (17) 

  (18) 

The local stiffness matrix   and local volumetric and 

surface force vector  is written as 

  (19) 

  (20) 

where  is the element thickness, , , and  are areas 

of fiber, matrix, and the entire element;  and  are the 

element volume and surface regions where external load exists. 

 

3. CONTINUOUS FIBER PATH OPTIMIZATION VIA B-
SPLINE PARAMETERIZATION 

The BSFP method aims to manipulate the fiber orientation 

and distribution to achieve various goals, including higher 
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directional stiffness, less fiber usage, etc. It parameterizes the 

fiber path to B-splines such that its control points formulate low-

order optimization variables for convenient manipulation. The 

length of the B-spline is used to make the fiber usage. Then, the 

calculation of the element fiber area  and orientation  is 

performed to obtain the part stiffness. Geometric constraints are 

effectively enforced via B-spline parameterization. 

3.1. Preambles on the FEM Data Structure 

With a defined domain  and its boundary , the finite 

element is established using a triangular mesh with the node set 

 , element set  , and 

edge set . The variables , , and  

are the dimensions of  ,  , and  , respectively. The 

projection relationships of , , and  are defined as: 

  (21) 

This projection relationship is extended for element sets as input 

following the union operation. 

3.2. Fiber Reinforced Element Classification, 
identification, and Calculation 

B-spline is a computationally efficient way to represent 

freeform continuous paths and is increasingly used in additive 

manufacturing [30–33]. For continuous fiber with high stiffness 

and limited curvature, B-spline serves as a desirable 

parameterization of the fiber path. Assume the ith continuous 

fiber is parameterized with an m-degree B-spline with  

control points  defined as 

  (22) 

The continuous fiber is thus given by a curve 

  (23) 

where   is the vector combination of the set of basis 

functions of the ith B-spline, and  is the curve parameter. For 

the convenience of computation and representation, the B-spline 

is densely sampled at equal spacings, i.e., 

  (24) 

where  is the number of sampled points. 

To simplify the calculation, the mesh is assumed to be 

sufficiently small and the fiber within an element is almost linear. 

Therefore, the B-spline’s intersection points with the triangular 

mesh are linearly connected like the fiber middle line within an 

element. However, the finite fiber width introduced two issues: 

(i) elements that contain no fiber middle line may have small 

portions of fiber; (ii) the fiber area within the triangular element 

has different shapes. To address the first issue, we explicitly 

define the main and secondary elements, where the main 

elements contain fiber middle line and the secondary elements 

contain fiber without the middle line, as shown in Figure 2. To 

address the second issue, we define four different cases:  

Case 1: The fiber intersects with two edges of the triangle 

element without an element node inside the fiber area. 

The fiber area within the element is a trapezoid as 

shown in Figure 1. The element is the main element. 

Case 2: The fiber area contains an element node whose opposite 

edge intersects with the fiber. The fiber area is a 

pentagon as shown in Element (i) in Figure 2. The 

element is the main element. 

Case 3: The fiber area contains an element node whose two 

intersecting edges intersect with the fiber. The fiber area 

is a triangle. The element having the fiber middle line 

inside is the main element as shown in Element (ii) in 

Figure 2. The element with the fiber middle line outside 

is a secondary element as shown in Element (iii) in 

Figure 2. Two of its fiber area vertices are the average 

intersection points of the element edges and the fiber 

boundaries in the surrounding elements. 

Case 4: There are two nodes inside the fiber area, i.e., an element 

edge is in the fiber area. The fiber area is a quadrangle. 

There is a pair of main (Element (iv) in Figure 2) and 

secondary (Element (v) in Figure 2) elements on the 

different sides of the edge. 

 

 
Figure 2: The Fiber Distribution Conditions Case2 

(Triangle (i)), Case 3 (Triangles (ii), (iii)), and  
Case 4 (Triangles (iv), (v)) 

3.2.1. Fiber-Reinforced Elements Identification 
Initialization 

The element containing the ith fiber’s starting and ending 

points (i.e.,  and ) are first identified. The points can 

be either inside, on edge, or collocated with the nodes. Without 

loss of generality, we define  to be collocated with Node 

, while  is inside or on the edge of an element, as shown 

in Figure 3. For  , the potential candidates of the starting 

elements formulate the set 

  (25) 

(iv) (v)

Main element

Secondary 

element

(ii)

(i)

(iii)
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The edge intersecting with the fiber further locates the reinforced 

element. The potential intersection edges are 

  (26) 

The intersection edge is further identified by calculating the 

accurate intersection point. The intersection point is on a 

potential edge and between the edge’s nodes. Without loss of 

generality, two nodes of a potential Edge  are defined as 

  (27) 

The linear representation of  is given by 

  (28) 

where 

  (29) 

The accurate intersection point is defined as 

  (30) 

Use the false position method [34] to find  by calculating 

the root of 

  (31) 

The upper and lower boundary of the false position method is 

marked by   and   on different sides of  . 

Specifically, the distance  and  from  and  

to  are of different signs. The distance is given by 

  (32) 

The intersection edge is  if the intersection point satisfies 

  (33) 

The starting reinforced element is  identified by 

  (34) 

Then, the location of the fiber exiting the previous element is 

further identified by the fiber middle line in  . The linear 

representation of the fiber middle line is given by 

  (35) 

where 

  (36) 

Let the fiber width be . The fiber is identified to be originated 

from Node   of   if the distance from   to the fiber 

middle line is 

  (37) 

Otherwise, the fiber exits from  at the intersection point. The 

reinforced element of the fiber ending point is identified in the 

same method, but the definition of potential reinforced elements 

is different. For the fiber ending point  shown in Element 

(iv) in Figure 3, Node  is its closest node. Intersecting Edge 

 of  has the smallest angle with the line formulated by 

 and . The potential reinforced elements are 

  (38) 

The potential intersection edges are 

  (39) 

The methods to select the actual intersection edges from this set 

are the same as the procedure defined in Eqs. (27)~(37). 

 

 
Figure 3: The illustration of Fiber Starting at a 

Node (i), Ending within an Element (iv), and Exiting 
Elements from an Edge (ii) and from a Node (iii) 

3.2.2. Fiber-Reinforced Elements Consecutive 
Identification 

The reinforced elements are consecutively identified until 

the ending reinforced element is reached following the 

initialization. This identification is achieved by the shared edge 

in consecutive elements. Let the previous element to be ,  

the next reinforced element and intersection edge candidates are 

  (40) 

if the fiber exits from an Edge  as shown in Element (ii) 

Figure 3. However, if the fiber exits from Node  as shown 

in Element (iii) Figure 3, the potential reinforced elements and 

intersection edge candidates are 

  (41) 

The accurate intersection point is calculated in the same method 

mentioned above to identify the reinforced element and locate 

the fiber exiting condition. 

The methods proposed from Eqs. (25)~(41) only cover the 

identification of main elements. The side elements are parallelly 

identified by the distance from nodes to the fiber middle line. 

Consider main Element   having two intersection points 

 and , the linear representation of the fiber 

middle line is given by 

  (42) 

where 

Start End

(i)
(ii)

(iii) (iv)
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  (43) 

Without loss of generality, the distance from Node  of  to 

the fiber middle line is written as 

  (44) 

Secondary elements are identified if ; they share the 

common Node   (excluding the main elements) and are 

defined as 

  (45) 

3.2.3. Fiber Orientation and Area Calculation 

Consider the same Element  mentioned above: the fiber 

orientation  is written as 

  (46) 

The distance from the element node to the fiber middle line 

classifies the fiber-reinforced element cases for the calculation 

of the fiber area  . The calculation also applies the fiber 

starting and ending points by replacing the intersection points 

accordingly. 

Case 1: The element has  as shown in 

Figure 1. Its fiber area is given by 

  (47) 

Case 2: Consider the element having Node   inside the 

fiber area (i.e., ). Two edges  and  intersecting 

with  on  are given by 

  (48) 

Without loss of generality, the fiber area boundary intersects at 

points   and   on   and   as shown in Figure 4(a). 

The linear representation of the fiber area boundary is given by 

  (49) 

where  is an offset from the fiber middle line to the fiber area 

boundary, given by 

  (50) 

The fiber area is the subtraction of the trapezoid (defined in 

Eq. (47)) with the triangular area defined by , and is 

given by 

  (51) 

where  is the angle at  in . 

Case 3: Same as Case 2,   is inside the fiber area. The 

fiber area boundary intersects at points   and   on  

and  as shown in Figure 4(b). The fiber area is given by 

  (52) 

For the secondary element, the fiber boundaries of different main 

elements intersect its edges in different orientations, obtaining 

different pairs of intersection points. The fiber area inside the 

secondary element is estimated by the average intersection 

points of the fiber boundary   and   as shown in 

Element (iii) Figure 2. The fiber area is given by 

  (53) 

where  is the angle at  in the secondary element. 

Case 4: Consider the element having two Nodes   and 

 inside the fiber area (i.e. ). An Edge  with 

 and  as nodes is given by 

  (54) 

The fiber area boundary intersects at points  and  on  

and  as shown in Figure 4(c). The fiber area is the subtraction 

of the triangular element area  with the matrix area, and is 

given by 

  (55) 

where  is the node opposite to , and  is the angle at  

in . For the secondary element, there are also two intersection 

points   and  . The fiber area is the addition of two 

triangle areas given by 



 7 © 2023 by ASME 

  (56) 

where   is the angle between the lines   and 

. 

 

Figure 4: The Fiber Area (a) in Case 2, (b) in Case 3, 
and (c) in Case 4 

3.3. Stiffness Evaluation and Optimization Setup 

The optimization of fiber paths aims to enhance stiffness and 

reduce fiber usage by manipulating B-spline control points. The 

objective function is written as 

  (57) 

where   is a scalar weight of the stiffness optimization,  

and   are the characteristic values of a particular part. The 

length  is the fiber length written as 

  (58) 

where   is the number of fibers, and   is the length 

function of B-spline. The detailed part stiffness under a given 

displacement  is defined as 

  (59) 

where  is the calculated external force. This  is extracted 

or linearly calculated from the global stiffness matrix  , 

follows standard finite element operations [35]. The penalty 

function  adds soft constraints to the optimization program, 

written as 

  (60) 

where  is the base of the penalty function,  is the soft 

boundary of control points representing the limitations of fiber 

distance to the boundary, inter-fiber distance, and fiber 

curvature. 

The constraint function requires the fiber to be inside the 

domain written as 

  (61) 

where  calculates the distance from a set of points  to 

the domain boundary. 

 

4. SIMULATION AND EXPERIMENT RESULTS 

4.1. Simulation 

The program framework established in Section 3 is 

implemented in MATLAB with an open-source mesh generator 

[28] and an optimization function fmincon. An example part 

called half loop shown in Figure 5 (modified from [27]) is used 

for the fiber path optimization. Tensile loading applied on its top 

and bottom edges, the characteristic values for Eq. (57) are 

 ,  , and the number of control 

points are seven for this case. 

Two optimization cases with different stiffness optimization 

weights  have been simulated: a length-oriented optimization 

with   and a stiffness-oriented optimization with 

. The initial condition is generated from the primary stress 

direction (PSD), as used in [25]. The PSD and BSFP fiber paths 

are compared, as shown in Figure 6(a) for length-oriented 

optimization and Figure 6(b) for stiffness-oriented optimization. 

The fiber length and the part stiffness iteration process are shown 

in Figure 7 and Figure 8. The optimization statistics are 

summarized in Table 1. 

 
Figure 5: The Geometry of Half Loop 

 
Figure 6: Fiber Paths Comparison of (a) Length-

oriented, (b) Stiffness-oriented Optimization 

(a) (b)

(c)

50 mm

1
4

0
 m

m
30 mm

20 mm

Thickness:

3 mm

(a) (b)
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Figure 7: The Fiber Length and the Part Stiffness of 

Every Iteration for Length-oriented Optimization 

 
Figure 8: The Fiber Length and the Part Stiffness of 
Every Iteration for Stiffness-Oriented Optimization 

Table 1: Comparison of the PSD Method with the 
BSFP Method 

Case Length-oriented Stiffness-oriented 

𝜇 0.4 3 

Total iterations 441 401 
PSD length 222.66 mm 224.11 mm 

Optimized length 172.17 mm 219.12 mm 

Reduction 22.68% 2.23% 

PSD stiffness 335.153 N/mm 335.153 N/mm 

BSFP stiffness 345.863 N/mm 369.042 N/mm 

Increase 3.19% 10.11% 

4.2. Experimental Verification 

4.2.1. Manufacturing Platform and Parameters 

The tensile test parts are fabricated by Anisoprint Composite 

A4 printer with a dual extruder, whose working principle and 

printing illustration are shown in Figure 9(a). The materials used 

for printing are polylactic acid (PLA) and composite carbon fiber 

both provided by Anisoprint SARL. Their parameters are shown 

in Table 2. The composite printer head co-extrudes the carbon 

fiber with PLA. It has a cutter 45 mm away from the nozzle to 

chop the fiber. As a result, the minimum fiber length must also 

be considered in the optimization program for actual 

manufacturing. The slicer software AURA enables different 

printing rates, layer heights, and temperatures for fiber and 

polymer filaments. The manufacturing parameters are selected 

based on the manufacturer’s guideline [36] and are summarized 

in Table 3. 

 
Figure 9: (a) Working Principle of the 3D Printer, (b) 

Fiber Path Detail, and (c) The MTS Sintech 10/D 
Fixture with the Half Loop 

Table 2: The Printing Materials Parameters 

Parameter PLA Carbon Fiber 

Diameter 1.75 mm 0.35 mm 

Young’s modulus 3280.3 MPa 149 GPa 

Tensile strength 34.7 MPa 2206 MPa 

Poisson ratio 0.36  

Table 3: The 3D Printing Parameters 

Temperature 215 degree C 

Printing speed 40 mm/s 

Layer thickness (PLA) 0.34 mm 

Layer thickness (Continuous fiber) 0.17 mm 

Nozzle diameter (PLA) 0.4 mm 

Nozzle diameter (Continuous fiber) 0.8 mm 

4.2.2. Experimental Test 

The tensile tests to verify the effectiveness of the 

optimization program are performed on the MTS Sintech 10/D 

universal test machine, as shown in Figure 9(c), with a tensile 

speed of 2 mm/s. The PSD, intermediate, and BSFP conditions 

of the two cases mentioned in Section 4.1 are tested with three 

samples each. The resultant load-displacement curves are shown 

in Figure 10, with its statistics summarized in Table 4. The 

increase in stiffness observed experimentally is similar to that in 

the simulation, while the differences between the experimental 

results and the simulation results are also observed. For length-

oriented cases, the simulation results differ from the 

experimental results by 10.71%, 9.69%, and 9.07% for the PSD, 

intermediate, and BSFP optimization stages, respectively. For 

stiffness-oriented cases, the differences are 10.71%, 7.77%, and 

10.47%, respectively. 

Based on these tensile tests, the fiber paths generated by the 

BSFP method are verified. However, the limitations of this study 

Polymers

Co-extrusion

Fiber cutter

Fiber-reinforced

composite

Fusion 

chamber

Heater

Composite carbon fiber(a)

(b) (c)
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are the low fiber volume ratio of the given part and the limited 

number of control points. Optimizers with higher computational 

efficiency are required to solve these limitations. 

  
Figure 10: The Experimental Load-Displacement 

Comparison of PSD and BSFP Methods 

Table 4: The Comparison of Part Stiffness of  
the PSD and BSFP Methods 

Case Length-oriented Stiffness-oriented 

PSD 375.371 N/mm 375.371 N/mm 

Intermediate 383.809 N/mm 385.854 N/mm 

BSFP 380.349 N/mm 412.185 N/mm 

Increase 1.33% 9.81% 

 

5. CONCLUSION 

This paper established a finite element model to characterize 

the part reinforced by freeform continuous fiber paths. This 

model exploited the B-spline parameterization of the fiber paths 

and established the stiffness matrix calculation algorithms for the 

fiber-reinforced elements. This B-spline fiber parameterization 

converts the optimization of mechanical parts’ length and 

stiffness to the optimization of B-spline control point locations, 

thus enabling computationally efficient evaluation and 

optimization of fiber paths. The proposed method was verified 

with a representative half-loop part. The part was 3D printed 

with fiber paths from conventional primary stress direction and 

the proposed method; the enhanced stiffness and fiber use 

reduction have been highlighted. The future work includes 

enhancing the fiber volume ratio, number of control points, and 

dedicated optimization methods. 
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