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Abstract

Topology and orientation optimization (TOO) simultaneously designs part geometry and local
material orientations to maximize structural performance, but the resulting designs must be
interpreted for manufacturing. Due to strict adherence to the optimized geometry’s boundaries,
existing alignment-based material extrusion (MEX) slicers produce poor quality toolpaths
(especially for continuous fiber-reinforced materials). Topology optimization-inspired design is a
technique in which the optimized geometry is manually edited by a user to improve
manufacturability while retaining structural performance. In this work, we adapt this concept to
MEX toolpaths. Bézier splines are used as a toolpath planning primitive that are softly fit to the
optimized design while ensuring highly continuous, well-aligned, and consistently spaced
deposition paths. This representation also allows the user to manually edit the output toolpath (via
spline control points) to tune it for manufacturability. Toolpaths are generated using the outlined
method and compared to other alignment-based toolpath planning techniques.

1. Introduction

Especially for additive manufacturing (AM) processes that selectively pattern material
(namely, material extrusion; MEX), the toolpath has a profound impact on structural performance
[1]. The mechanical properties aligned with the deposition path (road) direction are significantly
stronger than either the inter- [2] or intra-layer [3] bonds. This anisotropy becomes increasingly
pronounced with reinforced (e.g., continuous fiber reinforced; CFR) materials, as the fiber
inherently aligns with the deposition direction [4]. To maximize final part performance, the roads
should be aligned to anticipated load paths (represented by an orientation field; Figure 1)
everywhere in the geometry. However, there are manufacturing considerations that make this
challenging to achieve, especially depending on the complexity of the geometry and its anticipated
load paths. In addition to being well-aligned to load paths, an ideal toolpath should also address:
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Figure 1. (a) Example orientation field depicting diverging load paths planned with a variety of toolpath planning
methods. (b, ¢) Conventional slicing methods result in poor alignment to the load paths. (d, e) Existing alignment-
based techniques improve alignment but have inconsistent spacing. (f) The proposed spline-based method has great
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1. Consistent road spacing. A stereotypical raster pattern has perfectly uniform spacing
between adjacent roads (Figure 1b). However, local variation in the road directions
can cause imperfect packing and ultimately either over- or under-deposition (Figure
1d and Figure le). This internal porosity can significantly reduce mechanical
performance, despite the improved alignment from the roads themselves.

2. Connectivity and path length. In the context of a neat or short fiber-reinforced (SFR)
material, a large number of short roads can decrease deposition quality due to frequent
extrusion start-stop commands. This characteristic is even more damaging for a CFR
material, as there is often a minimum path length that can be printed [5]. Each
individual path also requires a separate cutting operation, reducing overall fiber length.

3. Material curvature constraints. This aspect is less of a concern for neat or SFR
materials, as the materials are often capable of rapid direction changes; however, with
a CFR material, there is often a minimum achievable path curvature before the fiber is
misplaced or damaged during deposition [6].

Although tailored toolpath alignment is largely unavailable in commercial slicing software,
researchers have presented a number of solutions. Rezaie et al. and Li et al. graded the density of
unit cells based on the density results from topology optimization (TO) [7], [8]. Ahsan and Khoda
used a similar density map to deform a honeycomb infill pattern [9]. Zhang et al. presented a
method that would partition a geometry and align the local infill pattern to the principal stress field
[10]. Although these methods have demonstrated improved mechanical performance relative to
conventional slicing algorithms, they often leave significant material in suboptimal orientations.
Others have explored hierarchical toolpath planning methods that create local sparsity [11]. These
have been demonstrated with CFR materials [12], but the path spacing is necessarily inconsistent.
This renders the methods unsuitable for producing solid geometries.

Another common strategy is to interpret the anticipated load paths as a vector field and
integrate it to form the toolpath. The most straight-forward is numerical integration, often by
employing a streamline placement algorithm (Figure 1d) [13]-[17]. This technique results in
explicit road alignment to the vector field and has been shown to correspondingly improve
mechanical performance relative to more conventional toolpath planning methods. However, they
often result in uneven spacing due to the iterative seeding and advection process [17]. This creates
internal porosity and reduces material/fiber volume fraction. The methods also produce a
significant number of short streamlines that are entirely unmanufacturable via a CFR material.

Alternatively, the vector field can be integrated analytically. The specific mechanism can vary
(e.g., wave equation [18], [19], Poisson equation [20], and the heat method [21]), but the methods
generally focus on creating a scalar field through which isosurfaces/isocontours can be populated.
Although these methods can result in well-aligned roads, they often require preconditioning (i.e.,
modification) of the vector field to achieve good results [20]. Analytic integration techniques
especially encounter difficulties with non-conservative vector fields [22]. Offending behaviors
(e.g., non-zero curl) are often ignored during the integration process, which can result in poorly
aligned roads with uneven spacing for even relatively simple orientation fields (e.g., Figure 1e).

In part, the shortcomings of existing alignment-based techniques come as a consequence of
only softly fitting the toolpath to the orientation field and holding the geometry as an inflexible
constant; no interpretation of the geometry is permitted, even when small modifications would
dramatically improve toolpath quality. This paper applies the concept of topology optimized-
inspired design (i.e., the results of TO are interpreted to improve manufacturability while retaining
dominant features) to toolpath planning. To accomplish this goal, a primitive-based toolpath
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planning method is proposed in which cubic Bézier splines are fit to a geometry and its anticipated
load paths. This is similar to other recently published research that focuses on fitting splines to
density-based TO results [23]. Here, those concepts are extended to the results of topology and
orientation optimization (TOO) algorithms [24]; however, inputs could be generated using other
methods (e.g., a manually-designed geometry’s principal stress field).

As opposed to rigidly adhering to the input geometry’s boundaries, toolpath continuity and
manufacturability are held as the top priority. They are formulated as constraints under which
alignment to the orientation field and geometric fidelity are maximized. Section 2 presents the
splines-based toolpath planning methodology. Section 3 demonstrates the workflow and compares
an example toolpath to existing alignment-based toolpath planning strategies. Preliminary CFR-
MEX printing of a toolpath is also presented. Section 4 summarizes the contribution and outlines
paths for future work.

2. Splines-Based Toolpath Planning

A schematic of the presented toolpath planning methodology is shown in Figure 2. From a
provided set of inputs (a desired geometry and orientation field), the user draws a set of splines
that constitute an initial toolpath. These manually-drawn splines are then algorithmically fit to the
orientation field to maximize alignment with consideration for manufacturing constraints (e.g.,
fiber turning radius). The user is then able to continue editing the optimized splines before
exporting them to a MEX process for fabrication.
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Figure 2. Schematic of the splines-based toolpath planning method. The user provides a geometry and orientation
field (e.g., anticipated load paths) and seeds the geometry with a set of spline "families". These are fit to the
orientation field. As necessary, the user can continue to edit the toolpath for manufacturability. Once prepared, the
splines can be ordered and exported to a toolpath for manufacture.

Section 2.1 details the mathematics of the spline formulation, and Section 2.2 discusses the
formation of spline “families” (i.e., a series of offset splines from a single set of control points)
that serve to maintain consistent spacing, reduce computational expense, and improve user
editability. Section 2.3 outlines the optimization method by which the splines are aligned to the
orientation field. Once the user is satisfied with toolpath quality, the splines are ordered to
minimize travel movements and fiber cutting (Section 2.4).

2.1.  Spline Definition

A cubic Bézier spline consists of a number of segments, each defined by four control points
(P). The position of the spline (x) along each segment (i) is defined as shown in Equation 1.
| x(®) =1 —t)3Py+3(1—t)*tP;; +3(1 — Ot?P, + t3P s where 0<t<1 |[(1)|

An example spline is shown in Figure 3. Clearly, the spline explicitly travels through the first
and last control point of each segment (i.e., the “knots”). In contrast, the spline does not necessarily
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travel through the control points in the middle of each segment. Instead, the position of these
control points (relative to their adjacent knots) affects the starting/ending direction of their
respective spline segment. For this reason, they may be referred to as “tangent” control points.

7 _ . \
;S — —_\

e “~w—1 Knot
//P 1,3 = P2y \
'

P1,2

\

Tangent

mommmmm e

Py, P AN -7
1,0 -

Figure 3. Example spline, with each segment assigned a different color. The spline clearly travels through the knot
control points, whereas the tangent control points (end points of the dotted lines) denote the gradients but are not
necessarily traveled through.

Continuity guarantees can be easily ensured between adjacent segments. C! continuity can be
enforced by constraining the tangent directions on either side of a knot (i.e., the dotted lines in
Figure 3). The directions of these vectors should be equal and opposite, but their magnitudes do
not necessarily need to be the same. For this reason, it is useful to reparameterize the spline as:
x;(t) = (1 =t)3P; +3(1 — t)%tT{ +3(1 — )t*T;,, + t3P; ., where0 <t <1 ()

T =P, +dfn;
T;—r are the tangent points (i.e., P;; and P;,), which are defined relative to their adjacent knot
and a (1) tangent direction (7;) and (2) magnitude (dii) that is allowed to vary on the two opposing
sides. This parameterization guarantees C* continuity, which is extremely beneficial in the context
of CFR materials, where smooth turning is critical for fiber health. In fact, radius of curvature (r)
can be explicitly calculated along the length of a spline by Equation 3.

() = det(x{ (1), x{s’ ()
<ol ®)
HMOELN0,

This parameterization of the toolpath imparts the following advantages:
1. Local control of shape. Moving control points within a specific segment only changes
that segment (except knots, which change both of their adjacent segments). In contrast
to other spline parameterizations whose control points have global effects (e.g., b-
splines), the local control of Bézier splines makes them much easier to locate manually
(and algorithmically).
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2. Continuity guarantees from tangent control points. As mentioned above, simple
constraints can be applied between adjacent spline segments to guarantee degrees of
continuity. As a result, the splines are inherently smooth.

3. Curvature is easily calculated. Especially for CFR materials, turning radius is
important to monitor within the toolpath. As defined in Equation (3), curvature is
simple and fast to calculate along the length of a spline. A constraint can formed to
ensure all splines have at least some minimum radius of curvature.

2.2.  Formation of Spline Families

Depending on the size of the geometry, a large number of splines may be necessary to cover
each layer. Local variation in curvature also presents the same problems faced by the discussed
integration schemes. To (1) maintain consistent toolpath spacing in a local region and (2)
consolidate the variables available to the user (and optimization function), this work proposes the
formation and use of spline “families.” These families are offset curves constructed from the same
set of control points (Figure 4). When moving a control point on the root spline (i.e., the 0 offset),
the corresponding control points in all of the offsets are moved as well.

Figure 4. Demonstration of a spline family. The 0 offset is the same spline shown in Figure 3. Adjacent curves are
formed using the Tiller-Hansen algorithm [25] to offset the control points of the root spline. Note the changing
lengths of the tangent lines.

Further, it may be desirable to share control points between spline families. This enables
independent motion in regions with different curvature but maintains consistent spacing in
converging regions (e.g., truss intersections). An example is shown in Figure 5; the spline
segments between the shared control points will inherently have the same local curvature. This
also reduces the degrees of freedom needing to be managed by the user or optimized during the
fitting process.
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Figure 5. An example of sharing control points between spline families. These converging splines are able to have
independent curvatures on the left-hand side while maintaining consistent spacing on the right. In this case, the root
spline of the top family is not used in the toolpath to prevent overlaps.
2.3.  Optimization of Spline Fit

Once the user has laid out the initial spline families, they can be fit to the input orientation
field. This is done by solving the optimization problem shown in Equation 4. Note that the
optimization problem is unaware of the geometric boundaries. Side constraints could be applied
to ensure the control points stay within the design space if deemed necessary, but this was not
implemented in the present work.
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P is the set of knot control point locations, 7 is the set of tangent unit vectors, and d* is the

set of tangent vector magnitudes (all as defined in Equation 2). f is the objective function

comparing the direction of the local orientation field to the splines (Equation 5), and g; is the
constraint function imposing a minimum fiber turning radius on spline family i (Equation 6).

X (6)

o) (0

/ YieNp 2ijeNg; Ns,i j
Np is the number of spline families, Ny ; is the number of offsets in family i, and Ng; ; is the
number of segments in offset j. The equation takes the dot product of the normalized spline
direction and the orientation field at that location. Each product is on the range [—1,1]. The
absolute value handles the rotational symmetry in the orientation field; a specific path printed from
either direction has the same performance. For instance, a prescribed road direction aligned to the
45° direction is equivalent to a prescribed direction of 225°. Therefore, each summand (and f) is
on the range [0,1], where 1 represents perfect alignment between the spline and the prescribed
orientation field. This is then normalized by the number of samples such that f is also on the range
[0,1].
To ensure the toolpath obeys a minimum turning radius, an additional constraint is imposed on
each spline family during optimization:
gi = min(ici_,]%k(t)‘v’j € Np;and k € Ns,i,j) — Tmin ‘ 6)
Tmin 18 the minimum turning radius of the material, and k is defined in Equation 2.
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2.4. Ordering Splines to Maximize Fiber Length

Once the user is satisfied with the shape of the toolpath (either through additional editing or
optimization), the splines need to be ordered within each layer for printing. This can be
accomplished by (1) placing the control points on a graph as nodes and (2) connecting those nodes
to describe roads and possible travel movements (Figure 6). The graph can then be traversed using
the traveling salesman problem (TSP) [26] to form a printing order. However, naively offering the
algorithm every travel movement option (Figure 6¢) can result in suboptimal results. Especially
for CFR materials, the toolpath should:

1. Minimize the number of travel movements. Each travel movement corresponds to a
start-stop command for the extruder. For the deposition of CFR materials, this also
requires a fiber cutting operation. This slows down the print and is a point of failure for
many tools [27].

2. Minimize the total travel distance. For the sake of reducing print time, it is desirable
to minimize the non-printing time for the deposition tool.

The example shown in Figure 6d requires five cut operations to achieve, when the design
should intuitively only require two. To drive the algorithm towards these more optimal solutions,
edges that describe known-suboptimal travel movements are trimmed from the graph. More
specifically, the full list of control points is trimmed to a set of viable travel locations that meet at
least one of the following criteria:

1. Open splines. Roads can optimally start from either end point of an open spline (Figure
7a).

2. Closed spline with shared control points. If a control point on a closed spline is
shared with another closed spline family, this represents a possible transition location
between the two families. If for instance, the deposition started at a different point (e.g.,
the purple path in Figure 6d), the path would have to unnecessarily terminate.
Therefore, only the control points shared between two closed spline families are added.
Further, only the control points on the most-offset (relative to the root) spline are added
to the travel list, as it will always be possible to transition to the more interior offsets
(Figure 7b).

3. Closed spline with no shared control points. In the case that a closed spline family
shares no control points with another closed spline family, all of the control points (on
the furthest offset) are added to the viable travel list (Figure 7c¢).
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Figure 6. (a) Example set of spline families to describe a half MBB beam. Knot control points are labeled as
[spline family,node number, of fset distance]. Color denotes separate spline families. (b) Graph denoting
roads (blue) and possible connections between adjacent offset splines in the same family (red). Note that the interior
points on the open spline families (1, 2, and 3) are removed from the graph to prevent unnecessary clutter. (c) The
same graph now containing all possible travel movements (green) and a TSP solution (purple). (d) The solution

plotted as discrete depositions (denoted by different colors). Note the short roads that have been added between
proximate end points to prevent excessive start-stops.
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Figure 7. Examples of how shared control points (purple) are used to intelligently select viable travel movements
(blue). (a) Both end points of an open spline are valid travel locations regardless of sharing. (b) In a closed spline
with control points shared by another closed spline, only the most-offset nodes associated with the shared nodes
are viable. (c) However, if the control points are shared with an open spline or the closed spline has no shared
control points, all of the control points on the most-offset spline are listed as viable travel locations.

Using the graph of the control points with edges denoting possible connections between
neighboring offset (Figure 6¢), edges describing possible travel motions are added between all of
the viable travel nodes found using the above criteria. Weights are assigned using the distances
between the nodes. To properly set priority for the TSP algorithm, a weight of -1 is assigned to all
edges describing roads, and a weight of 0 is assigned to all edges describing connections to
adjacent offsets (blue and red edges in Figure 6c¢, respectively).

For this work, a greedy TSP algorithm was used that simply selected the lowest-cost edge that
led to an unvisited node. The associated solution is shown in Figure 8a. The filtering criteria
significantly reduced the number of edges in the graph (for the Messerschmitt-Bolkow-Blohm
(MBB) beam example, from 435 to 144 edges). Removing the known-suboptimal edges also
created a much better toolpath, reducing the number of required fiber cuts from five to two as
shown in Figure 8b.

After ordering the control points, each spline offset can be interpolated following the graph
traversal order. These interpolations can then be converted to GCode with appropriate
extrusion/travel speeds and extrusion rates as prescribed by a process parameter file.
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Figure 8. (a) Graph with trimmed edges to improve ordering quality (magenta = toolpath order, red = possible offset
connections, green = possible travel movements). (b) The ordered toolpath where the colors denote individual
deposition/fiber paths. Only two cutting operations are required.

3. Implementation and Demonstration

To demonstrate the presented spline-based toolpath planning method, a user environment was
created in Unity. A free utility (Dreamteck Splines [28]) was used for drawing and controlling
splines that also contained functionality to share control points between families (Figure 9).
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Figure 9. Screenshot of the Unity environment that allows the user to graphically lay out the initial toolpath. Both
closed and open spline families are able to be drawn with desired offsets.

A desired geometry and orientation field can be overlaid during spline creation to allow the
user to interpret critical features for manufacturability. At this stage, the user can identify offset
distance (e.g., the road spacing dictated by their deposition platform) and count. Once satisfied,
the fit of the spline families is optimized with respect to the orientation field.

To demonstrate these capabilities, an MBB problem was optimized using a topology and
orientation optimization (TOQO) algorithm to create a nominal geometry and orientation field [24].
From these inputs, a splines-based toolpath was created using the described workflow. For
comparison, the same inputs were used to create toolpaths using existing alignment-based
techniques (streamlines and analytic integration). These toolpaths are then compared qualitatively
relative to the nominal geometry and quantitatively in terms of (1) alignment to the orientation
field and (2) number of discrete fiber paths.

3.1. Topology and Orientation Optimization

Candidate inputs for the presented toolpath planning algorithm were generated via a TOO
problem that simultaneously distributes and orients an anisotropic material to minimize structural
compliance [24]. The results for an MBB problem are shown in Figure 10. Density is thresholded
such that low density elements are not displayed. Pixel color instead represents the prescribed
deposition direction (i.e., fiber orientation). As shown, fiber direction generally follows the truss
direction.
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-density elements
are not displayed. Color is used to represent the optimized fiber orientation as depicted in the legend. Orientation

is radially symmetric such that a road aligned to (for instance) % is equivalent to a path aligned to %.

3.2.  Splines Toolpath Generation

Splines families were manually drawn in a custom Unity environment to approximately fill the
optimized design as shown in Figure 11. Only 16 control points (and their associated tangents)
across five spline families were required to describe the desired roads. To represent the symmetry
across the central plane, the tangent directions of the associated control points were fixed to be
aligned to the X-axis during optimization. A similar constraint was placed on the right-hand side
to guarantee alignment of the open spline edges for easier rastering.
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(b)
Figure 11. Manually drawn splines for the optimized MBB results. (a) Spline families displayed with control points,
their tangents, couplings, and boundary conditions. The left- and right-hand sides are constrained such that the
tangent directions are always aligned to the X-axis to ensure symmetric results and a clean edge, respectively. (b)
The same spline families overlaid with the original TOO results. The general shape is maintained, but some of the
trusses are slightly changed to improve manufacturability.

The splines are overlaid with the TOO results in Figure 11b. Slight deviations to the supporting
trusses were used to improve curvature on the left-hand side; the light blue truss was too steep as-
optimized for roads to properly merge with the primary truss.

The spline families were then fit to the optimized orientation field. When directly output from
the TOO algorithm, the orientation field can have significant discontinuities in low density regions.
The gradient-based optimization often ignores their impact and leaves them in unoptimized
orientations. To ensure that the orientation field near each truss member was relevant, a nearest-
neighbor interpolation was used to fill the thresholded areas (Figure 12a).
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Figure 12. (a) Full-field orientation field for the optimized MBB beam. The manually-drawn splines were fit to this
field using a minimum radius of (b) 0.25; f = —0.9654, (¢) 0.75; f = —0.961, and (d) 1.25; f = —0.9551.

Figure 12 shows the results of the spline fitting using a variety of minimum fiber turning radii.
Clearly, the deflections in the splines (especially the top-most primary truss member) increase with
the turning radius constraint. It produces smoother splines but results in a lower fit. Perhaps more
critically, even with a relatively small constraint (e.g., 1;,;, = 0.25), gaps are produced between
different spline families in converging truss members. This could perhaps be improved with a
larger number of control points, but this would also increase computational expense. This issue is
similar to that experienced in conventional contour-based toolpath planning [13]; however,
contour toolpaths are often combined with uni-directional raster infill to specifically address these
gaps. This type of infill would likely be unmanufacturable with CFR materials. Instead, (1) other
spline configurations may need to be explored (e.g., alternating between a few different
configurations across subsequent layers) or (2) inclusion of unreinforced material in those regions
may be sufficient to direct load around the gaps. These opportunities will be explored as an aspect
of future work.

3.3. Comparison to Other Alignment-Based Toolpath Planning Methods

Toolpaths for the optimized MBB geometry and orientation field were also planned using
streamlines-based [13] and analytic integration (i.e., Poisson equation [20]) approaches. The
resulting toolpaths are shown in Figure 13. It may be possible to link some proximate roads
together to form more continuous raster patterns, but the notion of adjacency is less strict in these
toolpath planning algorithms. Too large of a search radius could result in overlapping roads, which
may cause the printing process to fail.
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(b)

Figure 13. Literature examples of alignment-based toolpath planning methods for the optimized MBB beam results:
(a) streamline placement and (b) analytic integration.

With these methods, a significantly larger number of discrete roads are required to fabricate
the toolpath. As previously discussed, the splines-based toolpath only requires two discrete
depositions, whereas the streamlines and analytic integration methods required 22 and 29 discrete
paths, respectively. As can be seen, especially in Figure 13b, a significant number of roads are
nearly connected, but they just cross out of the geometry’s boundaries. In other areas (specifically,
the secondary truss members of the streamlines toolpath), there is very poor continuity of roads
through thin truss members. In conjunction, these deficiencies will likely significantly reduce
mechanical performance.

From an alignment perspective, the streamlines toolpath had an objective function value of
f = —0.9873, which is slightly improved over the spline-based toolpath. On the other hand, the
analytic integration toolpath has a value of f = —0.7569. This marked decrease in alignment
quality is likely due (as previously discussed) to an overall non-conservative vector field. These
are not uncommon in orientation fields (whether TOO or principal stresses), as they are not
constrained by the physics of actual flow fields.

Overall, the splines-based toolpath has a slightly reduced alignment (relative to the
streamlines-based toolpath). However, it significantly reduces the number of discrete depositions.
It also offers improved continuity between truss members, reducing potential failure locations. At
the same time, the gaps between different spline families (i.e., in truss intersections) may be an
issue; preliminary mechanical testing has not yet been performed but will be as a point of future
work.

3.4.  Preliminary Printing Results

To demonstrate the splines-based toolpath as a potential solution for CFR material systems, a
variant of the MBB beam toolpath was printed using a thermoplastic co-extrusion tool (tool design
detailed in [5]). The splines were mirrored across the central plane to form the complete structure,
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which ultimately required four discrete depositions to fabricate. The printed structure is shown in
Figure 14.

(a) (b)
Figure 14. Demonstration of printing using a CFR material with a splines-based toolpath. (a) Fabrication is in
progress and (b) the finished part.

The fiber had little issue with articulating the corners around the closed splines. However, the
start of the fiber deposition was often slightly delayed, leading to a small gap in some of the paths.
This may be improved with some randomization/alternation of start points between layers to
prevent the development of a predominant seam in the final part. Alternatively, other patterns of
splines that are qualitatively different may be alternated between layers to reduce dependence on
any specific failure region.

4. Summary

Toolpath alignment is important for AM processes, especially MEX. Material anisotropy (e.g.,
fiber) is ideally aligned to the anticipated load paths throughout a structure. Unfortunately, toolpath
planning capabilities to leverage this aspect of the process are largely unavailable. Existing
methods (1) result in poor path alignment or (2) create inconsistent spacing between paths. This
paper addresses this gap via a novel toolpath planning workflow based on cubic Bézier splines,
which inherently possess many of the characteristics of a high-quality toolpath: (1) continuity, (2)
smooth curvature, (3) consistent spacing, and (4) ability to locally tailor toolpath orientation.

A workflow is presented that enables users to interactively draw a preliminary toolpath
comprised of spline “families” (i.e., offset curves that derive from the same root set of control
points). These families are then able to be fit to the anticipated load paths (i.e., an orientation field)
to improve alignment. Due to the mathematical framing of the toolpath, this fitting process can be
done under a minimum turning radius constraint to improve performance in the context of CFR
materials. After fitting, the splines are connected and ordered for printing such that a minimal
number of cuts is required.

A splines-based toolpath was then discussed in comparison to streamline and analytic
integration toolpaths of the same geometry. Due to the increased freedoms of the splines-based
toolpath (i.e., not being rigidly constrained to the boundaries of the geometry), a significant
improvement in toolpath continuity was achieved. The toolpath also had nearly equivalent
alignment to the orientation field as the streamlines toolpath (which was explicitly aligned to the
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orientation field via the integration scheme). Preliminary demonstration of manufacturing with a
CFR material was then conducted. The fiber was well-placed within the structure, though some
effort may be required to improve strength in the regions where spline families change curvature
(e.g., convergent truss regions).

4.1. Future Work

This preliminary work offers significant opportunities for future work. In addition to
characterizing the mechanical performance in comparison to benchmark toolpath planning
processes, there is an opportunity to improve the quality of the splines-based toolpaths. For
instance, fiber cutting could be better accounted for during the ordering process; after cutting, the
minimum turning radius for the fiber dramatically increases [5]. Incorporating this into the
identification of viable travel motions could dictate directionality around (for instance) closed
splines to improve fiber health while increasing geometric flexibility. Other opportunities include
automatic seeding of initial spline families to reduce the burden on the user. The concept of spline-
based toolpaths could also be extended to the intersection of orthogonal Bézier surfaces to form
non-planar toolpaths for use with multi-axis (i.e., robotic) MEX.
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