eng

Article

Fabrication and Surface Quality of Thermoformed Composite
Saddles Using Hexagonal-Patterned Multi-Point Tooling

Shouzhi Hao 1, Wenliang Wang 1, Xingjian Wang 1, Jing Yan !, Hexuan Shi !, Xianhe Cheng !, Rundong Ding ! and

Qigang Han 1/23*

W) Check for updates

Academic Editors: Tanay Kundu,
Josko Valentinti¢, Avik Samanta and

Soham Mujumdar

Received: 1 November 2025

Revised: 15 January 2026

Accepted: 30 January 2026
Published: 3 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Key Laboratory of Automobile Materials, Ministry of Education, School of Materials Science and Engineering,
Jilin University, Changchun 130022, China; haosz23@mails.jlu.edu.cn (S.H.)

Institute of Structured and Architected Materials, Liaoning Academy of Materials, Shenyang 110167, China
3 Weihai Institute for Bionics, Jilin University, Weihai 264207, China

Correspondence: hanqg@jlu.edu.cn

Abstract

To reduce mold costs in composite forming, multi-point tooling technology has been inte-
grated into the hot diaphragm forming process. However, this approach still faces several
challenges, including time-consuming prepreg layup, high energy consumption, and poor
surface quality. This study proposes a heating pad-assisted multi-point thermoforming pro-
cess: the prepreg is embedded in the thermal functional layers, placed on the lower mold,
and formed via the downward movement of the upper mold to accomplish mold closure.
Instead of the conventional rectangular array, this study adopted multi-point tooling with a
hexagonal pin arrangement. Compared to traditional configurations, this hexagonal layout
increases the punch support area by 9.8%, while its dense punch arrangement improves
the accuracy of the molded curved surface. Taking a saddle-shaped surface as the target, a
prototype part was fabricated. Subsequent analysis of the part’s surface quality identified
three defects: dimples, fiber distortion, and ridge protrusions. The surface dimples were
eliminated by adjusting the distance between the upper and lower molds. Notably, ridge
protrusion is a defect unique to the hexagonal pin arrangement. We conducted a detailed
analysis of its causes and solutions, finding that this defect arises from the combined effect
of the pin arrangement and the saddle-shaped surface. Through a series of height compen-
sation experiments, the maximum deviation at the ridges was reduced from 0.46 mm to
approximately 0.35 mm, which is consistent with the deviation of defect-free areas. This
work demonstrates that the multi-point hot-pressing process provides a potential, efficient,
and low-cost method for manufacturing double-curvature composite components, whose
effectiveness has been verified through the saddle-shaped case study.

Keywords: thermoset composite thermoforming; multi-point tooling; materials processing;
surface quality; tool technology

1. Introduction

In sectors like aerospace, the use of multi-material assemblies is growing increasingly
common [1,2], with composites emerging as a key alternative to metals. Thermoset com-
posites are widely used in aerospace due to their light weight and high strength [3,4], yet
their widespread application is limited by high costs, stemming from two main aspects.
First, energy costs: mainstream autoclave curing for thermoset parts consumes a great deal
of energy, and manufacturing larger parts requires bigger autoclave equipment, pushing
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up expenses significantly. Second, mold costs: this is especially true in the aircraft indus-
try, where composite usage is high. The low-volume, high-variety nature of parts leads
to low tooling utilization rates, forcing manufacturers to customize dedicated molds for
each part configuration. These molds not only take up considerable storage space but
also need regular maintenance, which together drives up production costs. To reduce
energy consumption in composite curing, several alternative methods have been developed
as alternatives to autoclave curing. Walczyk et al. [5] designed aluminum molds with
embedded resistive heaters, which achieved a 1 °C surface temperature uniformity for
compression-molded composites. The same team later conducted a study [6] applying
3.0 MeV electron beam curing to epoxy-acrylate resin as a replacement for thermal curing;
this approach significantly shortened cycle times while eliminating high-temperature en-
ergy consumption. Gu et al. [7] developed two rapid-heating solutions through epoxy resin
modifications: these included silicone rubber heaters with embedded resistive wires and an
internal heating method that leverages carbon fiber conductivity to fabricate carbon fiber
laminates. To address mold cost challenges, multi-point tooling technology [8-10] provides
unique advantages. It enables flexible surface reconfiguration by adjusting pin heights,
thereby theoretically materializing the “universal mold” concept that has been successfully
applied in metal forming fields, such as ship hull plates [11], aircraft wing skins [12], and
titanium alloy cranial prostheses [13].

Current composite forming processes compatible with multi-point tooling mainly
include hot diaphragm forming, autoclave molding, and compression molding. Matthias
S.J. etal. [14] vacuum-adsorbed elastic interpolators onto multi-point tooling and fabricated
carbon fiber reinforced composites via the hot diaphragm process, establishing correlations
between interpolator thickness and the surface quality of formed parts. Walczyk et al. [15]
developed an actively controlled multi-point tooling system, which achieved intelligent
forming process control by dynamically adjusting the height of tooling pins during mold-
ing. Peng’s team [16,17] realized warm compression molding by transferring preheated
Corian sheets to multi-point tooling, producing spherical and saddle-shaped parts with
high dimensional accuracy. They also investigated the effects of forming temperature, pres-
sure, pin count, and curvature radius on the formability of polycarbonate sheets formed
by multi-point tooling. Two viable approaches to reducing the manufacturing costs of
thermoset composites are low-energy curing processes that replace autoclave technology
and multi-point tooling that substitutes for solid molds. Multi-point tooling has been
extensively researched and applied in hot diaphragm forming and autoclave processes,
proving its feasibility for composite manufacturing. Integrating multi-point tooling into
alternative forming processes can further reduce costs. Compression molding offers distinct
advantages such as high efficiency, dimensional precision, and excellent surface quality.
Process parameters for composite compression molding (preheating temperature, molding
temperature, pressure) have been thoroughly studied [18,19]. Therefore, combining com-
pression molding with a feasible heating method has significant potential to reduce both
equipment investment and mold costs simultaneously, making it a promising route for
cost-effective, high-efficiency manufacturing of thermoset composites. It should be noted
that thermoset resins undergo softening-rubbery-glassy state transitions during curing,
requiring highly uniform temperature fields [20]. This places strict requirements on the
design of heating systems for multi-point compression molding [21]. For large hydraulic
equipment with integrated heating functions, thermal input typically relies on cartridge
heaters embedded in the mold base. However, such heating elements are inevitably fixed
to immovable mold bases or peripheral frame areas. If heating elements were integrated
into multi-point tooling, the substantial displacement range required for pins would result
in excessively long and geometrically complex heat conduction paths from heat sources to

https://doi.org/10.3390/eng7020069


https://doi.org/10.3390/eng7020069

Eng 2026, 7, 69

30f20

the prepreg surface. This would cause significant spatial temperature gradients and severe
thermal losses, indicating that conventional embedded heating elements cannot meet the
thermal uniformity requirements essential for resin curing.

Surface quality research for composite parts covers a wide range of aspects, mainly
including buckling [22,23], wrinkling [24-26], thickness variations [27], surface rough-
ness [28] and localized resin starvation [29,30]. For composites formed by multi-point
tooling, surface dimples represent an additional critical research focus. Spatially discrete
pins inherently create inter-pin voids, which limit the manufacturable curvature complexity
and forming accuracy of free-form surfaces. To maximize surface quality in multi-point
tooling compression molding, optimizing pin arrangement is critical [14]. Hexagonal
pin-array tooling (HPT) addresses this issue by increasing pin density, which reduces void
area and enhances tool-to-prepreg contact. This improves forming uniformity, especially
in central zones. Current research focuses solely on square pin-array tooling (SPT) for
parameter studies, whereas the HPT has only been proposed theoretically and not yet
validated experimentally for composite manufacturing. At present, most multi-point mold
pins adopt a square pin array arrangement. These multi-point molds have been applied in
composite forming, but their limited support area leads to surface defects on formed parts
during the forming process. Although HPT can theoretically improve support density and
forming accuracy, researchers have not verified their practical application effects, nor have
they explored their unique defects or corresponding solutions.

Building on existing research, this study proposes a flexible heating-assisted multi-
point thermoforming process. This process uses flexible heating pads to directly heat
the silicone pads in contact with the prepreg surface and combines externally applied
insulating foam layers to ensure favorable curing of the resin. The study makes three
core contributions. First, it proposes and validates the feasibility of this heating pad-
assisted hexagonal array multi-point thermoforming process for manufacturing double-
curvature composite components. Second, it systematically analyzes the causes of the edge
ridge protrusion defect. This defect is unique to HPT when fabricating saddle-shaped
curved parts. The study also develops a suppression strategy that combines forming
orientation selection and pin height compensation. Third, it identifies the optimal mold
closing displacement parameters to eliminate surface dimples. Additionally, the study
provides a novel, low-cost, and high-quality solution for manufacturing double-curvature
thermoset composite components. This solution has been preliminarily validated through
the successful fabrication of a saddle-shaped part.

2. Materials and Thermoforming Process Development
2.1. Materials

Experimental materials included a unidirectional thermoset carbon fiber prepreg with
hot-melt yarn, with a ply thickness of 0.21 mm and an areal density of 250 g/m? (supplied
by Jilin Chemical Fiber Group , Jilin City, China). Silicone rubber cushions and foam pads
of various thicknesses were obtained from commercial sources.

The curing behavior of the prepreg was characterized using dynamic differential
scanning calorimetry (DSC). DSC analysis was performed using a NETZSCH STA series
instrument (NETZSCH-Gerédtebau GmbH, Selb, Germany). A 5-10 mg sample was placed
into a crucible, and non-isothermal DSC curves were measured at heating rates of 5 °C/min,
10 °C/min, and 15 °C/min, over a temperature range of 30-600 °C. All experiments were
conducted under an argon (Ar) atmosphere with a gas flow rate of 50 mL/min.

The DSC results are shown in Figure la. As the temperature increased, an exothermic
peak corresponding to the curing reaction was observed in the curve. With increasing
heating rate, this peak gradually shifted toward the lower right of the plot. The onset
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temperature, peak temperature, and end temperature corresponding to this peak are listed
in Table 1. Since these three characteristic temperatures varied with different heating rates,
a T-f3 extrapolation method was used to estimate the appropriate molding temperature
range; the optimal process parameters were then determined experimentally. Linear fitting
of Tj, T, and T¢ was performed as shown in Figure 1b, yielding values of T; (123 °C), T,
(133 °C), and T¢ (141 °C) at a heating rate of 0 °C/min. Based on these results, the molding
temperature range for this prepreg was determined to be 110-150 °C.
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Figure 1. (a) DSC curves at different heating rates; (b) Relationship between temperature (T) and
heating rate (3); (c) TGA curves at different heating rates.

Table 1. Characteristic Temperatures T at Different Heating Rates 3.

3/°C/min T;/°C Tp/°C T¢/°C
5 133.31 148.31 165.24
10 141.34 171.21 198.84
15 152.50 182.36 217.03

Thermogravimetric analysis (TGA) was carried out using a NETZSCH STA thermo-
gravimetric analyzer. A 5-10 mg sample was placed in a ceramic crucible and tested
at heating rates of 5 °C/min, 10 °C/min, and 15 °C/min, over a temperature range of
30-600 °C.

The results (Figure 1c) show that no significant thermal degradation occurred below
300 °C. Within this temperature range, the prepreg samples exhibited a mass loss of
approximately 0.6%, which was primarily attributed to devolatilization. As the temperature
increased further, the epoxy resin decomposed gradually. Taking the sample tested at
5 °C/min as an example, the mass decreased by 31.43% during this stage. When the
temperature reached 600 °C, the mass loss further increased to 37.81%, indicating that resin
decomposition was essentially complete. Beyond this temperature, further heating would
cause thermal decomposition of the carbon fibers.

In summary, the prepreg exhibits good thermal stability, which meets the temperature
requirements of the forming process.

2.2. Experimental Equipment

The experimental multi-point tooling consists of upper and lower dies with a
300 x 300 mm working area. Each pin unit terminates in a hemispherical punch (30 mm in
diameter) and provides a maximum adjustable stroke of 90 mm. The lower die (Figure 2a)
has 104 pin units arranged in 11 rows, with alternating rows containing 10 and 9 pin units
respectively. The upper die (Figure 2c) comprises 114 pin units allocated to 12 rows fol-
lowing the same distribution pattern. A staggered press-fit method was adopted for mold
closure (Figure 2b). Two standard tiling patterns were used in the experiments: square and
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hexagonal layouts (Figure 2d,e). When processing a 240 x 240 mm square region, the HPT
engages 72 punches in direct contact with the prepreg, while SPT uses 64 punches. For flat
sheet forming, the SPT provides a 5652 mm? smaller punch contact area than the HPT. The
hexagonal arrangement increases the effective support area from 78.5% to 88.3%. It creates
distributed force-transfer paths through edge contacts and optimizes load distribution
during thermoforming. Currently, all commercially available multi-point tooling systems
adopt square-pattern arrangements; no commercial systems utilize a hexagonal arrange-
ment. To achieve a denser pin layout, we designed the HPT and fabricated composite parts
using this tooling.

(2)

(d)

Figure 2. (a) Lower die of multi-point tooling; (b) Upper/lower die closure; (c) Upper die of multi-
point tooling; (d) Hexagonal pin arrangement pattern; (e) Square pin arrangement pattern.

The multi-point tooling allows forming from a planar state to the target surface by
adjusting the upward displacement of the pins. First, Rhinoceros software (7.38.24338.17001)
calculates the required height for each pin unit, converts the data into motor rotation cycles,
and imports the converted data into the robotic arm control software. Subsequently, the
robotic arm automatically completes the shape adjustment of all pin units according to the
preset program.

2.3. Contact-Based Heating System and Thermal Uniformity Verification

To verify the feasibility of the heating method, thermocouples were embedded on
the prepreg surface and between its layers to monitor real-time temperatures at multiple
locations. The temperature measurement setup is illustrated in Figure 3. Temperature
data was recorded by a six-channel data logger (Smarei Technology Co., Ltd., Beijing,
China), covering the range from room temperature to 130 °C. The layout of the flexible
pad functional layers during temperature measurement was consistent with that in the
forming experiment.

Figure 3. Schematic of the temperature measurement procedure.
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The center of the first prepreg layer was designated as the origin (measuring point Ty),
with additional points positioned along the horizontal and vertical axes. Test 1 included
six measurement points: the origin Ty, points T, and T3 located 50 mm and 100 mm from
the origin along the x-axis, and points T4 and T5 placed 50 mm and 100 mm from the
origin along the y-axis. This test focused on measuring the temperature distribution in the
horizontal direction, as shown on the left side of Figure 4a. Test 2 aimed to measure the
temperature distribution in the vertical direction, displayed on the right side of Figure 4a.
Centered at point Ty, additional points Ty, Ty, and Tp were added along the z-axis.
Point T; coincided with Ty, and Ty, Ty, and Tp corresponded to the top, middle, and
bottom layers of the prepreg. Figure 4b is the actual schematic diagram of the temperature
measurement process.

(b)

Temperature(°C)

(d)
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gg Tem ire difference within 1 °C
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g \\\/"\A,\w
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Figure 4. (a) Schematics of Test 1 and Test 2; (b) Test 1 experimental process; (¢) Temperature
uniformity test in the horizontal direction; (d) Temperature uniformity test in the vertical direction.

Figure 4c presents the results of Test 1. Due to faster heat dissipation from edge
exposure, peripheral points T3 and Ts reached 120 °C three minutes later than T;. The
maximum temperature difference occurred during heating. Ts exhibited a peak deviation
of 6 °C from Ty, while T, and T, remained within 3 °C of the center temperature. When all
five points stabilized at 120 °C, the temperature difference consistently stayed below 3 °C.
Figure 4d shows the results of Test 2. The three vertical points displayed nearly identical
temperature curves. After reaching 120 °C, their temperature difference stabilized within
1 °C. This demonstrates that heating the prepreg via the flexible heating pad effectively
meets the temperature uniformity requirements for resin curing.

A preliminary selection of the foam pad thickness was conducted. Test 3, illustrated in
Figure 5a, included two trials: one using 10 mm foam pads and the other using 20 mm foam
pads. The temperatures at the center of the upper foam pad surface during heating were
recorded as Tyg, and Ty, respectively. For direct comparison, the 20 mm pad was replaced
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with two stacked 10 mm pads, and the interface temperature was recorded as Typ,. The
results of Test 3, shown in Figure 5b, revealed consistent trends across both trials. The outer
surface temperature of the 20 mm foam pad increased more slowly. Thirty-five minutes
after the prepreg surface reached the set temperature, this surface measured approximately
38 °C, creating a 14 °C difference from the 24 °C ambient temperature. By contrast, the
surface temperature of the 10 mm foam pad reached 80 °C at the same timepoint, resulting
in a 56 °C differential. According to Newton’s law of cooling, thermal dissipation efficiency
is proportional to the temperature difference. Consequently, compared to the 10 mm pad
configuration, the 20 mm pad reduced the overall heat dissipation capacity by approxi-
mately 70%. Simultaneously, the 30 °C differential between Ty, and Ty, confirmed that the
20 mm foam pad provided significantly enhanced insulation performance during heating.

(b)

120 |

ST
100 -

80

60

Temperature(°C)

40

0 10 20 30 40 50

Time(min)

Figure 5. (a) Schematic of Test 3; (b) Effect of thermal insulation pad thickness on temperature
uniformity.

This heating method is more energy-efficient than oven heating. Taking the forming
of a 25 cm x 25 cm component as an example, a 2-h heating process was implemented. The
heating pad used in this study has a power density of 0.4 W/cm? and an area of 900 cm?,
consuming 0.72 kWh of energy. When using oven-based forming, the mold dimensions
must be taken into account. For an oven with an internal volume of 50 m?® and a rated
power of 1.5 kW, the total energy consumption is 3.0 kWh. The oven indirectly heats the
mold and component by warming the air inside the chamber through thermal convection
and radiation. In contrast, the heating pad directly contacts the prepreg via its electrical
heating elements, transferring heat to the composite through conduction. Almost all the
generated heat is used to heat the product itself.

2.4. Experimental Design for Defect Control

After confirming the feasibility of the thermal conditions, the specific process of the
multi-point hot-pressing forming is illustrated in Figure 6. Twelve plies of prepreg were
stacked in a (0°/90°)¢ sequence to prepare a 240 mm x 240 mm laminate preform. The
preform was then placed on a silicone pad coated with a release agent. The elastic stack
structure, from bottom to top, consists of a 20 mm foam pad, a 6 mm silicone rubber pad,
a 1.75 mm heating pad, a 1.5 mm silicone rubber pad, a 2.5 mm carbon fiber prepreg, a
7.5 mm silicone rubber pad, and a 20 mm foam pad, with a total thickness of 59.25 mm.
After mold closure, the temperature control system was activated to execute the following
curing cycle: heating from room temperature to 80 °C within 30 min and holding at 80 °C
for 60 min; heating to 120 °C within 30 min and holding at 120 °C for 90 min; finally cooling
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Flexible Pad
Assembly

Heating

to room temperature inside the furnace. The forming target was a saddle-shaped surface,
defined by Equation (1):

z= \/<6OO — /3002 — yz)2 —x2 @

Due to the compressibility of the foam, significant downward displacement remained
achievable during mold closure. To address the dimples, preliminary experiments were first
conducted to explore the influence of mold closure displacement on dimple severity. During
forming, the downward displacement of the upper mold was set to 18 mm, 12 mm, and
9 mm sequentially. The results of repeated experiments showed that reducing the closure
displacement effectively alleviated dimples. To further establish a quantitative relationship
between process parameters and forming quality, and to optimize this key parameter, a
central composite design based on response surface methodology was adopted, aiming
to simultaneously optimize two key quality indicators. In this design, the mold closure
displacement was the sole independent variable. Based on the preliminary experimental
results, five levels were set: low level (9 mm), high level (18 mm), low axial point (6 mm),
high axial point (21 mm), and center point (13.5 mm). In the actual molding process,
precise control over the press displacement proves challenging, so the specified downward
displacement of 13.5 mm was adjusted to 14.00 mm.

Molded Component

Mold Closing

Figure 6. Multi-Point Thermoforming Process Flowchart.

To comprehensively evaluate the forming quality, two dependent variables were
defined: First, surface uniformity: Nine measurement points were equally spaced along
the centerline of the curved surface. Thickness was measured using a vernier caliper (Keda
E-Commerce Co., Ltd., Nanjing, China) with an accuracy of 0.01 mm, and the standard
deviation was calculated. A smaller value indicates more uniform thickness distribution
and less severe dimple defects. Second, macroscopic shape accuracy: A non-contact 3D
optical scanner (Northern Digital Inc., Waterloo, ON, Canada) was used to obtain point
cloud data of the formed part. The profile along the surface centerline was extracted, and
its standard deviation from the theoretical model was calculated using software. A smaller
value indicates better conformity of the overall shape to the target surface and higher
macroscopic shape accuracy.

In addition to the common dimple defects, slight protrusions were observed at the
edges of the formed parts. These defects are directly related to the layout of the hexagonal
mold units. To study their influence, two different mold-shaping orientations (denoted as
Method A and Method B) were adopted. For the abnormal mold units that caused ridges
under a specific orientation, their heights were adjusted according to the compensation
strategy detailed in Section 3.3. The compensation effect was quantitatively evaluated via
3D scanning: cross-sectional profiles of the ridge area were extracted from the point cloud
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(a)

(e

data, and the maximum positive deviation from the theoretical model was calculated to
precisely characterize the degree of protrusion.

3. Results and Discussion

Inspection of the mold surface and the fabricated saddle-shaped part reveals three
categories of surface quality defects: (1) dimples induced by the discrete nature of
the multi-point tooling; (2) surface fiber distortion; (3) edge protrusions with distinct
peripheral ridges.

The first defect is an inherent limitation of multi-point forming, for which established
solutions have been reported. The main approach to address it is introducing natural
rubber or chlorinated rubber interpolators to smooth discontinuities between adjacent
pins [31,32]. The second defect arises from fiber flow within the prepreg during compres-
sion. In this process, the prepreg’s initial state of non-conformity with the mold intensifies
fiber distortion. The third defect is unique to the HPT, and the causes of this defect are
analyzed below.

The analysis begins with the planar tooling (Figure 7e), whose rows and columns
form a distinct hexagonal pattern. This tooling consists of 11 columns, where each even-
numbered column has one more pin than each odd-numbered column. When pins with the
same x-coordinate are grouped into rows, a total of 19 rows are formed: odd rows contain
5 pins each, even rows contain 6 pins each, and the spacing between adjacent pins within
each row is maintained at 22 mm. This configuration exhibits directional asymmetry along

orthogonal axes.

46.28
- 33.06
19.83
6.61

‘ prfssﬁre ‘ (h)

—6.61

—19.83
—33.06
—46.28
—59.50

h L

Figure 7. (a) Mold contour under Approach A; (b) Groove formation at mold edge; (c) Mold

contour under Approach B; (d) Ridge formation at mold edge; (e) Schematic of defect generation
mechanism; (f) Contour map of vertical distance from center on target surface; (g) Schematic of
pressure distribution during forming; (h) Prepreg deformation during forming under Approach A;
(i) Prepreg deformation during forming under Approach B.
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For the saddle-shaped target surface (Figure 7a,c), the orientation illustrated in
Figure 5a is designated Approach A. In contrast, Figure 7c depicts Approach B, which
is obtained by rotating the tooling 90° relative to Approach A. Visually, Approach A ori-
ents the saddle’s low-curvature region along the y-direction, while Approach B aligns its
high-curvature region with the y-direction. Under the combined influence of the saddle
surface curvature and the hexagonal pin arrangement, each approach results in distinct
surface defects. Specifically, in Approach A, concave grooves form at the positions of
the 4th column pins due to insufficient pin height (Figure 7b). In Approach B, however,
protrusions occur at the 4th column pins because these pins are higher than their adjacent
counterparts (Figure 7d).

Figure 7e illustrates the defect formation mechanism under Approach A. When the
tooling surface is configured into a saddle shape, the curvature variation in the surface
gradually intensifies from the center of the tooling outward. Based on central symmetry,
six pins in the third quadrant (satisfying A > B; a > b; ¢ > d) were selected as the analysis
area. In this region, the pin height decreases monotonically as the y-coordinate decreases
(A > B; a >b; ¢ > d), while the pin height decreases as the x-coordinate increases (A > a;
B > b). During the forming process, adjacent pins jointly support the sheet material. Pins A,
¢, and a collectively maintain the continuity in the x-direction, which requires satisfying
the condition A > ¢ > a. Since the x-coordinate of pin c is smaller than that of pin a, as the
y-coordinate decreases, the height of pin ¢ decreases more significantly than that of pin a.
When the y-coordinate of pin A is relatively large, the condition ¢ > a holds. However, as
the y-coordinate continues to decrease, this relationship is eventually reversed. By the edge
of the saddle-shaped surface, the height of pin ¢ becomes lower than that of pin a (c < a).

Figure 7f presents a contour map of the vertical distance from the center, with an inset
magnifying an anomalous region (black dots represent pin positions, and arrows indicate
the gradient from higher to lower values). When the pin heights of the tooling form a
continuous surface, three pins in Column 4 are lower than the adjacent pins in Columns
3 and 5, resulting in concave grooves on the tooling surface. These pins are defined as
“anomalous pins”. Similarly, in Approach B, two pins in Column 4 are higher than the
adjacent pins in Columns 3 and 5, and they are also classified as “anomalous pins”

Figure 7g presents a simplified forming schematic, where the black strips represent the
elastomer-prepreg composite. Figures 7h and 7i illustrate the schematics of the two forming
approaches, respectively. Height differences exist between adjacent pins in multi-point
tooling. Although this issue is common to all multi-point tooling systems, the hexagonal
pin arrangement significantly exacerbates it. Multi-point forming processes typically use
elastomeric pads to compensate for these height differences between adjacent pins. As
shown in Figure 7h, in the SPT, adjacent pins form minor steps due to existing height
variations. These low-profile steps can be fully compensated by the elastomeric pads,
leaving no impact on the surface quality of the formed parts. In contrast, the height
difference between adjacent pins in the HPT is significantly larger (Figure 7i), resulting
in excessively high steps with directional reversals. The elastomeric pads cannot fully
fill these oversized gaps, which adversely affects the surface quality of the formed parts.
During the forming process, the increase in processing temperature causes the molten resin
to flow toward the lower regions of the prepreg. This leads to “depression-protrusion”
deformation in the cured components, which manifests as distinct linear protrusions within
circular areas.

3.1. Dimple Elimination via Displacement Control

Figure 8a illustrates the method of controlling downward displacement with height
limiters following height measurement, while Figure 8b presents a schematic of the mold
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closure state; Figure 8c shows the compression test data for cylindrical foam specimens
(12 mm thickness x 37.5 mm diameter) in accordance with ASTM D1056, revealing two
deformation stages: when the strain is below 0.3, the deformation corresponds to low-
modulus compression dominated by pore collapse, and when the strain exceeds 0.3, the
deformation enters a densification stage governed by matrix deformation. Figure 8d
displays the formed parts at downward displacements of 18 mm (Figure 8(di)), 12 mm
(Figure 8(dii)) and 9 mm (Figure 8(diii)); dimples gradually diminished as the displacement
decreased, with complete elimination observed at a displacement of 9 mm under standard
lighting conditions. Based on the quantitative experimental data presented in Table 2, this
study established predictive models between the downward displacement (D) and key
quality metrics: the thickness standard deviation model (o7 = 0.053700 + 0.032233D —
0.000218D?) exhibits a monotonically increasing relationship with displacement, indicating
that within the experimental range, the severity of dimpling intensifies continuously as
the displacement increases, with no extremum observed; the accuracy standard deviation
model (o7 = 2.609214 — 0.357142D + 0.013701D?) shows a convex parabolic relationship with
displacement, reflecting a non-monotonic influence where excessively small displacement
results in poor conformity between the mold and prepreg, compromising accuracy, and
excessively large displacement induces shape distortion due to severe dimpling, which
also impairs accuracy. These models demonstrate that there is a clear trade-off between
surface quality and dimensional accuracy during process optimization; multi-objective
analysis indicates that when the mold closing displacement is in the range of 9-14 mm, the
thickness standard deviation can be maintained within the range of 0.31-0.46 mm, while
the accuracy standard deviation ranges from 0.29-0.35 mm, and through comprehensive
consideration, a downward displacement of 9 mm is selected as the optimal parameter,
corresponding to a mold spacing of 50.25 mm.
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Figure 8. (a) Displacement control method via height-limiting blocks; (b) Mold closure status
during forming; (c) Compression response curve of foam pad; (d) (i) Formed parts at a downward
displacement of 18 mm; (d) (ii) Formed parts at a downward displacement of 12 mm; (d) (iii) Formed
parts at a downward displacement of 9 mm..
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Table 2. Experimental results of molding quality based on the Response Surface Methodology.

I DiE Nemmanes DUDS D Non
(mm) Thickness (mm) Deviation (mm) Deviation (mm)
1 6 2417 0.70 0.25 1.05
2 9 23.95 0.92 0.31 0.35
3 14 23.39 1.20 0.46 0.30
4 14 23.41 1.29 047 0.29
5 14 23.36 1.12 0.45 0.31
6 18 22.81 1.41 0.59 0.75
7 21 22.54 1.61 0.62 1.07

3.2. Surface Fiber Distortion

Conventional composite forming involves direct manual or automated prepreg layup
onto molds. In this process, prepreg blanks are positioned between silicone elastomeric
pads, and material conformity to the tooling geometry is achieved via draw-forming
induced by press closure. However, transforming prepregs from planar into 3D double-
curvature geometries inherently causes dimensional and orientational alterations in surface
fiber bundles, owing to in-plane shear deformation. Data processing was performed
according to the methods described in the literature [33]. A grid strain analysis (GSA)
methodology was used to quantify the level of fiber tow distortion and deformation in the
prepreg. Photographs of the prepreg-side of the specimen were taken before and after the
test. Corners and intersections of fiber tows in the photograph were picked as nodes of the
grid and their coordinates were recorded and tracked (Figure 9a,b). The color contours in
Figure 9b represent the mean deviation magnitude of the woven prepreg along the Y fiber
direction, calculated via GSA. Fibers flow to conform to the mold shape, and the overall
flow trend matches the component geometry. Compared with the mirror-symmetrical
upper-right region of the formed surface, the upper-left region exhibits more disordered
fiber deformation. Given that consistent pressure and temperature were maintained during
forming, this phenomenon is speculated to stem from differences in the surface roughness
of the silicone pads in direct contact with the prepreg, with higher roughness impeding
fiber flow. After repeatedly cleaning the silicone pads and applying a higher-concentration
release agent, the changes in fiber orientation became more uniform, and the disordered
regions were eliminated.

3.3. Edge Ridge Suppression

This height adjustment method modulates the height of anomalous pin units to
establish a height increment relationship with adjacent pins. As such defects do not occur
in the SPT, the pin heights at the corresponding anomalous regions in the SPT are used as
ideal height benchmarks.

Figure 10a illustrates the height adjustment method for Approach A: connect the
corresponding pins in Row 3 and Row 5 to draw a reference line, then connect the transverse
line of Row 4 pins. The intersection of these two lines serves as the ideal position of Row
4 pins in the SPT. As the actual pin positions are offset to the right relative to this ideal
arrangement, the value at this red point is the maximum adjustable height parameter for the
corresponding anomalous pins. Figure 10b is a 2D simplified schematic comparing the pin
height relationships between the SPT (left) and the HPT (right). The adjusted anomalous
pins must lie between Boundary Line 1 and Boundary Line 3; meanwhile, maintaining a
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monotonic decrease in pin height requires confining them between Boundary Line 1 and
Boundary Line 2. The height compensation tests consist of two groups, with specific values
provided in Tables 3 and 4. The adjustment procedure for anomalous pins in Approach B
is identical to that in Approach A, and the control groups for both approaches adopt the
unadjusted molding scheme.

Before test After test

P T - [i'.

(a)

GSA results Dy (mm)

0.25

(b)

0.00

-0.25
-0.50
—-0.75
-1.00

-1.25

-1.50

Figure 9. (a) Example of nodes for GSA before and after the test. (b) strain results in second fiber
direction (Dy) from GSA.
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Figure 10. (a) Pin height adjustment methodology; (b) Height adjustment range; (c) Procedure of the
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height compensation method.
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Table 3. Heights (mm) of abnormal region units in approach A.
Compensation Compensation Maximum
Approach A Row 3  Control Group Group 1 Group 2 Row 4 Row 5
Anomalous Pin1  18.46 5.50 10.94 12.47 9.43 9.02
Anomalous Pin2  29.89 19.05 22.77 24.22 21.44 20.95
Anomalous Pin3  37.96 28.98 30.97 32.50 29.38 29.18
Table 4. Heights (mm) of abnormal region units in approach B.
Compensation Compensation Minimum
Approach B Row 3  Control Group Group 1 Group 2 Row 4 Row 5
Anomalous Pin1  44.60 56.89 49.68 48.06 51.29 53.71
Anomalous Pin2  33.73 4415 40.28 37.86 41.35 43.11
In summary, this study implements the method in three steps (Figure 10c):
First, locate the anomalous pin unit: determine its coordinates (x, y) and mark it as
red point b.

Next, simulate a virtual square-array pin unit: set its coordinates as (x, y + 1.5), mark
it as yellow point d in the figure, and calculate the z-coordinate of this yellow unit.

Finally, determine the adjustment range: the height of the yellow unit d serves as the
maximum adjustable value. Adjust the height of the anomalous unit to satisfy the condition
a <b < c. Since b and d differ only in the y-coordinate, the height values at (x, y + 0.5) and
(x, y + 1) are used as the compensation reference.

In the actual adjustment of the mold surface, the actual height of a pin unit is affected
by several factors, including its maximum allowable extension, the thickness of auxiliary
materials, the compression ratio of the elastic cushion, and the reference plane. The height
data of the mold used in this study are provided as Supplementary Material.

The forming results are presented in Figure 11, where Figure 11a depicts parts fab-
ricated using Approach A and Figure 11b shows those fabricated using Approach B. For
Approach A, distinct ridges are observed in the uncompensated control group, and these
ridges correlate directly with the pin depression phenomenon in the fourth row as il-
lustrated in Figure 7b. As the compensation height increases, the severity of the ridges
decreases progressively: Compensation Group 1 successfully eliminates the ridges but
leaves minor protrusions, while Compensation Group 2 achieves complete elimination of
protrusions and produces smooth curved surfaces. In the case of Approach B, localized
protrusions appear in the uncompensated control group but disappear entirely in both Com-
pensation Groups 1 and 2. A comparative analysis demonstrates that Approach B exhibits
superior performance for uncompensated saddle forming, with its control group achieving
surface quality comparable to that of Compensation Group 1 under Approach A. Under
compensated conditions, Compensation Group 2 of Approach A as well as Compensation
Groups 1 and 2 of Approach B can effectively eliminate localized protrusions.

With respect to pin adjustment strategies: Approach A involves raising pins from
their original lower positions, which mainly serves to fill the gaps between adjacent pin
rows while causing minimal alterations to the overall mold contour. In contrast, Approach
B entails lowering pins from their original elevated positions, resulting in significant
modifications to the mold geometry. This fundamental difference in adjustment strategies
leads to larger dimensional deviations in parts formed by Approach B, in comparison with
the minimal-contour-adjustment methodology adopted by Approach A.
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Figure 11. (a) (i) Results for the Control Group under Approach A; (a) (ii) Results for the Compensa-
tion Group 1 under Approach A; (a) (iii) Results for the Compensation Group 2 under Approach A;
(b) (i) Results for the Control Group under Approach B; (b) (ii) Results for the Compensation Group 1
under Approach B; (b) (iii) Results for the Compensation Group 2 under Approach B.

3.4. Precision Inspection of Parts

In order to quantify the ridge protrusions on the formed parts under six experimental
conditions, the NDI PRO CMM3500 non-contact 3D optical scanner (Figure 12a) was used
to capture point cloud data from the scanned parts, with a resolution of 0.024 mm. The
acquired point clouds were preprocessed to remove disconnected and isolated points before
being imported into Geomagic Control software (17.0.6.17532). Within the software, shape
deviations between the scanned data and the target geometry were compared to evaluate
part accuracy. Based on the locations of abnormal units identified in Approaches A and B,
a cross-section located 50 mm from the edge of the formed part was selected for 2D curve
deviation analysis between the as-formed surface and the target surface. The analyzed
region was centered 60 mm from the origin in the X-direction and spanned 30 mm in length,
corresponding to the position and size of the abnormal units.

Figure 12b illustrates the curve deviation results, where the red area denotes the
selected region, Curve 1 represents the ideal surface profile, and Curve 2 corresponds to
the actual measured profile. As shown in the figure, owing to curing deformation of the
composite material, the center of this cross-section lies in the negative Z-axis region, while
the edges are located in the positive Z-axis region, with the deviation magnitude increasing
as the distance from the origin increases. However, an upward protruding segment is
observed within the blue rectangular area, which is inconsistent with the behavior observed
in other cross-sections of the curved part and corresponds to the ridge line. Under the same
experimental conditions, the curing-induced deformation was assumed to be uniform. The
maximum deviation value of this curve segment was used as an indicator to quantify the
ridge protrusion. A ridge is considered prominent when the maximum deviation occurs
near the center of the curve, and insignificant when it occurs near the ends.

In Control Group A, Compensation Group 1 of Approach A, and Control Group B,
the maximum deviation values were located in the central region of the curve, measuring
0.46 mm, 0.38 mm, and 0.40 mm, respectively, indicating noticeable ridge lines on the
surface. In contrast, for Compensation Group 2 of Approach A, Compensation Group
1 of Approach B, and Compensation Group 2 of Approach B, the maximum deviation
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values were found at the ends of the curve, measuring 0.36 mm, 0.34 mm, and 0.36 mm,

respectively. These values correspond to surfaces free of ridge lines.
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Figure 12. (a) Non-contact 3D optical scanner; (b) Curve deviation in the ridge region; (c) Accu-
racy cloud plot for Approach A Compensation Group 2; (d) Accuracy cloud plot for Approach B
Compensation Group 2.

Figures 12c and 12d respectively display comparative shape error distributions for
Approach A Compensation Group 2 and Approach B Compensation Group 1 relative to the
target surface. Generally speaking, in engineering applications, the error within £0.1 mm
can be regarded as acceptable. Green zones indicate regions where deviations fall within
the +0.1 mm tolerance threshold, demonstrating Approach A Compensation Group 2’s
superior dimensional accuracy compared to Approach B. The results are in line with the
predictions in Section 3.3. These results confirm the feasibility of manufacturing thermoset
composite saddle parts with defect-free, high-quality surfaces through the multi-point
thermoforming process.

3.5. Characterization of Internal Defects and Mechanical Properties

To verify the consistency of internal quality and mechanical properties between compo-
nents fabricated by the proposed process and conventional methods, this study fabricated
flat panels via hot pressing and oven curing, with the same layup structure and thickness
as the curved components. The forming process was conducted under constant pressure
and temperature conditions throughout. Subsequently, ultrasonic C-scan inspection and
three-point bending tests were performed on these flat panels to evaluate their internal
quality and mechanical properties.

Figure 13 presents the ultrasonic C-scan results of components fabricated via different
processes. The C-scan tests were carried out using the BSN-C0505 testing system supplied
by Beijing Beiji Xingchen Technology Co., Ltd., with the scanning area set at 20 x 20 mm.
In the C-scan images, regions containing defects reflect echo signals that differ significantly
from well-formed areas. Thus, red regions in the images correspond to pore defects, while
green regions indicate well-formed areas; darker shades represent larger defect sizes.
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Figure 13. (a) C-scan equipment; (b) Ultrasonic C-scan image of the hot-pressed component; (c) Ul-
trasonic C-scan image of the oven-cured component.

Analysis using the supporting software yielded the following results: for hot-pressed
components, the maximum color scale value of defect regions reached 86.72%, with an
average of 18.75%. For oven-cured components, the corresponding maximum and average
values were 80.47% and 15.63%, respectively. For components manufactured using two
different processes, their porosities are comparable.

Three-point bending tests were performed on a WDW-200 universal testing machine
(Figure 14a) in accordance with the Chinese standard GB/T 1449-2005. Three specimens
were tested per group, with dimensions: length L = 80 mm, width b = 15 mm, and thickness
h =2.4 mm. The support span was set to 65 mm and the loading rate to 5 mm/min.

(b) (C) 800

700 |

600 |
~500F
Z
S 4001
=}
300

Oven forming
Hot pressing

0 1 2 3 4 5 6

Displacement(mm)

Figure 14. (a) WDW-200 universal testing machine; (b) Photograph after the bending test: (i) oven-
cured component (ii) hot-pressed component; (c) Force-displacement curves; (d) SEM images of the
fracture surfaces of flexural specimens fabricated by different forming processes: (i,ii) hot-pressing;
(iii,iv) oven-forming.

The load-displacement curves of the two processes are shown in Figure 14c. The
curves first exhibit a linear elastic stage. When micro-cracks initiate, their propagation is
hindered by the thermoplastic filaments within the prepreg. These ductile filaments are
stretched between the crack surfaces, continue to carry part of the load, and thereby retard
rapid crack opening and extension. Based on the data analysis, the oven-cured specimens
show a flexural strength of 885.7 MPa and a flexural modulus of 94.0 GPa, whereas the
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hot-pressed specimens exhibit a flexural strength of 858.5 MPa and a flexural modulus of
97.6 GPa. The differences in both flexural strength and modulus are approximately 3%,
which is within the 5% variability range typically accepted in engineering practice. Hence,
it can be concluded that the components produced by the hot-pressing and oven-forming
processes possess equivalent mechanical properties.

Figure 14d shows SEM images of the fracture surfaces after bending. Subfigures
d(i) and d(ii) correspond to the oven-cured component, while d(iii) and d(iv) correspond
to the hot-pressed component. The results reveal varying degrees of fiber pull-out and
matrix debonding in the resin-matrix composites upon fracture, as well as the rupture of
thermoplastic filaments. The image magnified 1000 x demonstrates good bonding between
the resin and the fibers

4. Conclusions

Building on previous research on thermosetting carbon fiber prepreg molding, this
study proposes a novel multi-point thermoforming process. Using this method, high-
surface-quality double-curvature saddle-shaped CFRP components were successfully fabri-
cated. The main innovations of this work are summarized below:

First, we propose a novel forming process and verify the feasibility of its integrated
heating method. We have provided specific data regarding the thickness and layup of
heating pads, insulation pads, and silicone pads. This ensures controllable and uniform
thermal conditions when flexible heating blankets are used as the heat source for composite
curing. Ultrasonic C-scan and three-point bending tests show no significant differences
in internal defect characterization and mechanical properties between components made
by this process and those by oven forming. This process eliminates the need for embed-
ded heating elements in traditional mold designs, reduces both manufacturing costs and
technical complexity, and therefore exhibits significant potential for practical application.

Second, the optimal mold closing displacement was determined. It can prevent dimple
formation while ensuring the best dimensional accuracy. A hexagonal pin-array multi-point
tooling was used to fabricate composite components. The pin arrangement of this tooling
improves forming accuracy, but also introduces a unique defect. Since there are no previous
studies on this specific multi-point tooling configuration, this defect is reported for the first
time in this study. The causes of the defect were systematically investigated. Two forming
orientations and corresponding height compensation strategies are proposed, ultimately
achieving a smooth component surface. This study confirms that the pin arrangement in
multi-point tooling significantly affects the curved surface forming result. For complex
geometric components that are difficult to form using traditional multi-point tooling, the
findings indicate that optimizing the pin arrangement strategy can offer a viable approach
to enhancing formability and surface quality in future applications.
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