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Novel method for interlaminar reinforcement using polymer/fibre pins 
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A B S T R A C T   

A common theme in the application of through-thickness reinforcement is the desire to minimize/eliminate any 
reduction in in-plane properties. In this work a novel method of reinforcement is introduced using a polymer/ 
fibre pin. Similar in concept to the traditional metalworking process of riveting these pins are placed through the 
thickness with deliberate excess length. The application of heat and pressure deforms the exposed ends of the pin 
against the part surface. The resultant preform maintains its shape and may be re-formed with further heat and 
pressure with the reinforcement conforming to the desired shape. Samples manufactured using this method are 
tested under quasi-static tensile loading and show no significant change in properties due to the pin addition. 
Samples tested under mode 1 show further refinement of the manufacture method is required, with shallow pin 
angles resulting in sub-optimal performance.   

1. Introduction 

Composite materials have become a mainstay of high-performance 
applications seeing great success in sectors such as aerospace, automo-
tive, and renewable technologies. A common form of this material, the 
fibre reinforced 2-D laminate, features excellent specific properties 
when loads are applied in the in-plane direction of the fibres. However, 
these structures suffer from poor performance out of the plane of the 
fibres [1] with this type of failure commonly termed “delamination”. 
Much research effort has been directed to addressing this performance 
deficit with technologies such as z-pinning [2–5], tufting [6–9], stitch-
ing [10–13] and 3-D weaving [14–17], amongst others [18–21]. The 
generic architectures for Z-pinning, Tufting, and the modified lock stitch 
are illustrated in Fig. 1. It must be noted that 3-D woven architecture has 
been omitted from Fig. 1 due to the wide range of Z-interlocking con-
figurations that may be used depending on design intention [14,15]. 
There are some common themes with through thickness reinforcement, 
as a general (if not exclusive) rule the application of these macro-scale 
reinforcements can result in a degradation of in-plane properties. 
Table 1 highlights the effects on Young’s Modulus (E), Ultimate Tensile 
Strength (UTS) and Mode 1 Fracture toughness (GI) in the propagation 
phase as applied to 3 common methods of through-thickness rein-
forcement.The reason for this is a combination of fibre damage from the 
reinforcement process, induced crimp/waviness of the in-plane fibres 
[7,28,33,34], or simply a reduction in the proportion of the fibres being 
used for in-plane reinforcement[20]. The amount of reinforcement that 

may be applied through the thickness is dependent on the type of 
method used. This may be broadly considered to come under 2 main 
categories: bonded reinforcements and positively locked re-
inforcements. Bonded reinforcements such as z-pins and tufts rely pri-
marily on bonding with the matrix to transmit their strength to the 
layers of in-plane fibres. As such the strength of Z-pins can be limited by 
pull-out [2,35,36] where the bond fails before the load has reached 
sufficient levels to break the fibres. This can reduce efficacy of the pins 
with thinner laminates due to a short length of the pin [37]. The addi-
tional length of tufted architecture with loops above/below the part 
surface (Fig. 1, B ) improves bonding and can overcome the length issues 
in thinner laminates. The advantage of these methods is that installation 
of this reinforcement can be applied to a conventional 2-D fibre lay-up 
by means of a 1-sided process, which may prove advantageous for 
certain applications [8]. Positively locked reinforcement circumvents 
the issue of pull-out by positively locking the fibres together (Fig. 1, C ), 
such as stitching or 3-D weaving resulting in a dry preform that acts as a 
single consolidated unit. Whilst this generally would be expected to 
yield enhanced performance in terms of through-thickness properties 
this comes at the cost of a 2-sided manufacturing process. For example; 
3-D weaving requires the use of specialized looms [14] and most 
stitching processes requiring 2-sided access, although one-sided stitch-
ing processes have been developed [38]. In the present work a method of 
applying through thickness reinforcement is developed with a concept 
not dissimilar to the traditional metalworking practice of riveting. A 
reinforcement is placed through the thickness and with application of 
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heat and pressure deformed against the part surface. Upon cooling the 
reinforcement acts to bind the preform together maintaining it in a 
consolidated state. With this method a flat plate produced in this manner 
may be easily handled, cut to shape, and even re-formed with a second 
application of heat/pressure whilst retaining the reinforcement. Fig. 2 
shows the generic architecture for the pins in the present work. 

2. Materials þ methods 

2.1. Materials 

The base lay-up for this study of Tenax 5HS-6K-375GSM Satin weave 
carbon fibre with layers oriented with a simple 0–90 stacking. The Z- 
reinforcing pins are short sections of a filament comprising of contin-
uous fibre reinforcement encased in a nylon matrix and intended for 3-D 
printing applications supplied by Markforged® [46]. Specifically, CF- 
BA-50 “Carbon” filament and KV-AB-50 “Kevlar” filament. The pins 
are installed with a deliberate excess length with this length being 

deformed against the fibre surface by means of a hot-press process. 
Between the carbon samples and Kevlar samples there was a change 

to a fresh roll of material. As such a second 2-D comparison was per-
formed to ensure there were no significant changes between the 2 
batches. The layers and carbon used for each test are listed in Table 2 
and samples using the second batch are appended with “(NC)” indi-
cating the new carbon material. Due to limitations in both material 
availability and the extensive time required to manufacture pinned 
samples it was not feasible to manufacture all samples with a single roll 

Fig. 1. Illustrations of Z-pinned (A), Tufted (B) and Stitched (C) architectures.  

Table 1 
Literature values for tensile and mode 1 property changes.  

Method E UTS GI(prop) 

Z-Pinning [2,22–29] − 21% to +4% − 49% to +1% +88% to +8440% 
Tufting [6,7,30] − 34% to +8% − 41% to − 10% +1025% 
Stitching [13,31–33] − 27% to +4% − 36% to +10% +2% to +656%  

Fig. 2. Illustration of polymer-fiber pin architecture used in this work.  

Table 2 
List of sample configurations and base material.  

Test Configuration Roll Layers 

Tensile 2-D Original 11 
Carbon Pinned Original 11 
2-D New 11 
Kevlar Pinned New 11  

Mode 1 2-D Original 12 
Carbon Pinned Original 12 
Kevlar Pinned New 12  

Fig. 3. Representation of installation of pins.  

Fig. 4. Image of sample undergoing pinning process.  

Fig. 5. Illustration of compression phase with uncompressed (A), initial 
deformation (B) and final compaction (C). 
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of material. 

2.2. Methods 

Installation of the pins is accomplished using a 17-gauge veterinary 
needle to part the in-plane fibres and allow easy pass-through of the 
filament. This takes the form of a 5-step process. The following steps are 
illustrated in Fig. 3:  

A. The filament is threaded through the needle.  
B. The needle is pushed through the fiber.  
C. The filament is pushed through the needle until it hits the backstop.  

D. The filament is held in place while the needle is withdrawn from the 
fiber.  

E. The filament is then trimmed above the fiber forming a pin. 

Fig. 4 shows a plaque undergoing the pinning process. Using the 
pattern of the 5-harness-satin (5HS) weave as a placement guide results 
in approximately 5 mm pin separation in a square pattern. This is 
necessary due to all the pins in this work being placed manually. 

Both pinned and unpinned layups are subjected to the same heat 
treatment process. In this process the RTM tool is heated to approxi-
mately 150 ◦C. The pinned fibre stack is then placed into the tool and the 
tool clamped up and left to cool to ambient temperature. The effect of 

Fig. 6. Image of uninfused Omega-shaped preform.  

Fig. 7. µCT image of pinned sample.  

Fig. 8. Image of carbon filament undergoing testing.  

Fig. 9. Example of part undergoing tensile testing.  

Fig. 10. left. Image of testing setup, right. Camera field of view with inset of 
region of interest. 

Fig. 11. Example of image processing output in white overlaid on orig-
inal image. 
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this is to flatten the end of the pins which, once cooled, retain their shape 
(Fig. 5). 

This bears some similarity to the “I Fiber” process developed by Kim 
et al. [39]. In this and subsequent works published by Kim et al. [40], An 
et al. [41,42] and Tapullima et al. [43–45] dry fibers are placed through 
the thickness via the use of a needle. Due to the loose nature of the fibers 
their machine requires the use of compressed air to push the fibers 
through the needle, and once placed the fibers remain loose similar to Z- 
pins or Tufts until infusion and cure. The key difference in this work is 
the use of a nylon encased filament which allows the pin to be placed 
with a purely mechanical feed (in the case of this work, feed was con-
ducted by hand) and once subjected to the heat press process and 
allowed to cool the filament is adhered to the part making it significantly 
easier to handle the material in a dry state prior to resin infusion. The 
material can be stored, handled, and cut to shape as a consolidated unit. 
As the pins use a thermoplastic matrix material it is possible re-form the 
material using a secondary press process. This was demonstrated using 
an omega-shaped preform (Fig. 6) with the pins conforming to the new 
topology. 

The consolidated preforms are then infused using the conventional 
Resin Transfer Molding (RTM) process. In all samples the resin system 
used was a 2-part epoxy comprised of Gurit Prime27 resin with Prime 
slow hardener [47]. µCT analysis of samples (Fig. 7) produced in this 
manner revealed a shallow angle of the pin as it progresses through the 
part. This is caused by the initial phase of the press process wherein the 
layers of carbon slide over each other enabling the array of pins to “fall” 
in a unified manner. This angle is approximately ~64◦ from orthogonal 
however this may vary from pin-pin. 

2.3. Filament tensile evaluation 

Single portions of filament were tested as-received using a Deben 
MT5000DL micro tensile tester with 5kN load cell (Fig. 8). The filaments 
were bonded to paper tabs using Araldite 2014 adhesive. Once mounted 
in the machine the paper tab is manually broken before commencing the 
test. The test is started with a 1 N preload to take out slack in the fila-
ment and displacement zeroed before commencement of the test. 

2.4. Composite tensile evaluation 

Tensile testing for composite specimens was carried out according to 
ASTM D3039 [48]. A Zwick Z100 testing machine (Fig. 9) with 100kN 
Load Cell, hydraulic grips and biaxial extensometer was used for this 
purpose. All tensile samples were comprised of 11-layer material with 

the tool cavity sized for a targeted nominal Volume Fraction (Vf) of 50%. 
Each test compares values for samples from a single plaque, with 5 

samples per test. Samples of 250 mm × 25 mm were waterjet cut from 
the plaque. The ends of the samples were lightly sanded and cleaned to 
facilitate the adhesive bonding of 2 mm thick glass fibre tabs of 
50mmx25mm using araldite Standard 2-part adhesive. 

2.5. Composite mode 1 evaluation 

Mode 1 samples were conducted under a modified version of ASTM 
D5528 [49]. The samples used changed to a 12-layer stack which allows 
for the central positioning of the pre-crack. The pre-crack comprised of a 
folded layer of non-stick film with the fold present at the crack tip, this 
made the presentation of a straight edge interface easier during the 
multiple manufacturing steps. A set of 25 mm hinges were bonded to the 
outer faces of the part using araldite 2014-2 adhesive as preliminary 
testing showed some hinge debonding issues using araldite standard 
epoxy. The loading was applied by an Instron 5500R with a 5kN load cell 
and wedge grips. Crack propagation was recorded using a Y3m high- 
speed camera (Fig. 10, left). Samples were initially marked with a 
scale according to ASTM D5528 [49] so that manual measurements 
could be taken if necessary. With increased confidence in the setup these 
markings were omitted in later samples to allow for ease of image pro-
cessing. The frame rate of the camera was set to 4 Hz to match the 250 
ms load sample rate from the Instron. 

Synchronization could not be achieved automatically with this setup 
therefore the camera was manually set to record prior to test 
commencement. To match up the image sequence with the 
load–displacement data the final failure point was used as within a 
single camera frame/data point the sample would be visually observed 
to fail in sync with the final load drop. 

The crack length was measured by a multi-step process. First the raw 
image sequence was manually edited to remove all images after the final 
failure point. Next, the image sequence was imported into Bruker CTAn 
software, initially developed for the analysis of µCT imagery. This 
software provides several tools to analyse and manipulate grayscale 
images. In this software the region of interest was manually selected to 
cover the entire crack length whilst accounting for movement and 
deformation of the part during the test (Fig. 10, right). A sequence of 
built-in commands was then run which would process the images to 
produce a representation of the crack interior (Fig. 11). 

This final output was then measured using a C# code. This code 
would detect the left-most and right-most white pixels for each frame 
and report the straight-line separation. By manually measuring the 

Fig. 12. Stress-Strain plots for single filament tests.  
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Fig. 13. Tensile charts; 2-D baseline with original carbon material (A), carbon pinned sample with original carbon material (B), Kevlar pinned sample with fresh 
carbon material (C), 2-D baseline with fresh carbon material (D). 

Table 3 
Comparison of mean values from tensile tests.  

Configuration Vf (%) σ (%) COV EROM (GPa) ETest (GPa) σ (Gpa) COV UTSTest (MPa) σ (Mpa) COV 

2-D  47.53  1.14  2.40%  58.7  58.28  1.42  2.44%  714.31  39.56  5.54% 
Carbon Pinned  46.85  0.99  2.11%  57.9  59.68  0.86  1.43%  721.02  19.21  2.66% 
2-D (NC)  53.53  0.98  1.83%  65.7  61.83  3.09  4.99%  776.52  42.10  5.42% 
Kevlar Pinned (NC)  48.28  1.26  2.61%  59.6  54.73  2.42  4.42%  698.44  38.41  5.50%  
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Fig. 14. Mode 1 R-curves for; 2-D (A), Carbon (B) & Kevlar Pinned (C) samples.  

Fig. 15. Images of Mode 1 samples. 2-D (A), Carbon Pinned (B), Kevlar (C). Arrows denote direction of pin progression.  
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thickness of the sample within CTAn in pixels, measurements can then 
be translated from pixels to millimetres. The final output of this pro-
cessing scheme is a sequence of crack length measurements equalling 
the number of data-points recorded in the load–displacement graph. For 
this analysis the smallest number of recorded points for a single test was 
2387. Building on the crack length calculations for GI were performed 
according to the Modified Beam Theory (MBT) method and Compliance 

Calibration (CC) as-prescribed in ASTM D5528[49]. Of the multiple 
calculation methods within this standard the MBT + CC method pro-
vided the most conservative values for GI in this work. 

3. Results 

3.1. Single filament tests 

The manufacturer datasheet [46] provides values of Young’s 
modulus of 60GPa for carbon and 27 GPa for Kevlar filaments with UTS 
of 0.8 GPa and 0.61 GPa respectively for the filament in its printed state. 
The results in Fig. 12 show the filaments in their unprocessed configu-
ration with Young’s Modulus and respective Coefficient Of Variation 
(COV) averaged over 5 samples. Stress is calculated using the filaments 
average diameters measured as 0.372 mm for carbon and 0.326 mm for 
Kevlar. 

The shape of the graphs shows a level of non-linearity under tensile 
loading. It is suspected the reason for this is the fiber reinforcements are 
not entirely linear within the filament, thus slack fibers do not imme-
diately take up loading. 

3.2. Composite tensile tests 

Fig. 13 shows the Stress-Strain curves for the 2-D, Carbon pinned, 
and Kevlar pinned samples, with the key properties, and their 

Fig. 16. Image of Kevlar pin edge pull-out captured during testing.  

Fig. 17. Error-Envelope chart showing mean + standard error for mode 1 R-Curves.  
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corresponding COV over 5 samples compared in Table 3. In general, the 
values for Young’s modulus are within 8% of the figures expected using 
conventional Rule of Mixtures (ROM) calculations. The test values show 
the carbon pinned parts exhibit a rise of 2.40% in modulus with a drop of 
0.94% in strength compared to the 2-D baseline with the pinned samples 
having 1.43% lower volume fraction. Given these differences are within 
the coefficient of variation for each property there appears to be no 
statistically significant change with the addition of the carbon pins. 

The Kevlar samples show a drop of 11.48% in modulus with a 
10.05% drop in strength compared to the 2-D (NC) baseline. However, 
the Kevlar pinned samples also exhibited a 9.8% lower volume fraction 
indicating this may be a factor for the reduction in performance. This 
lower volume fraction is suspected to be caused by a combination of 
some flexibility in the adjustable thickness tooling and the addition of 
mass of the pins. Due to the manual pin installation, the pin length could 
not be accurately controlled. In terms of the failure mode no significant 
difference was observed with the addition of the pins. However, portions 
which would fracture into separate pieces in the 2-D samples would, 
occasionally, be held by the remnants of pins in the pinned samples. 

3.3. Composite mode 1 tests 

The R-curves for the 3 sample configurations are shown in Fig. 14. 
The primary difficulty in comparing these results stems from the high 
degree of variation in the samples. This is due to the stick–slip propa-
gation present as a product of the use of a woven material at the 
interface. 

The pins in the carbon samples exhibited fracture near the crack 
plane, whereas the Kevlar pinned samples exhibited some pull-out 
(Fig. 15). The cause of both phenomena is the shallow pin angle as 
shown in Fig. 7. 

In the carbon samples the angle lies along the direction of the crack 
and the shear/bending forces on the pin at the interface result in poor 
performance compared to loading in tension. In the Kevlar samples the 
angle lies perpendicular to the direction of the crack and causes pull-out 
on the sides of the part. This was observed during image processing of 
the samples as shown in Fig. 16. This is also the reason for the pull out on 
opposing edges of the part with most fractured pins observed near the 
centreline. 

Despite these issues the Kevlar samples do appear to show some 

Fig. 18. Average initiation (left) & Propagation (right) values for mode 1 samples. Error bars denote standard error.  

Fig. 19. Average property changes compared to 2-D Reference.  
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improvement over the 2-D samples. This is highlighted in Fig. 17 
showing the mean of the R-curves with the standard error over 5 samples 
as the shaded envelope. 

This is further highlighted when comparing the values for initiation 
and propagation (Fig. 18). Initiation values are recorded as the first 
crack detection from the camera whilst propagation values are averaged 
from 5 mm of crack propagation to sample failure. Whilst the initiation 
values appear to indicate a change as a result of the different pinning 
methods, it is important to note that due to the manual nature of pin 
placement, the distances between the end of the pre-crack and the first 
row of pins cannot be accurately controlled. Because of this, reinforce-
ment is not guaranteed to be present near the pre-crack with increasing 
separation resulting in less impact of the reinforcement. 

The propagation values, however, show an improvement of 87.24% 
using Kevlar pins compared to the 2-D reference samples. A large part of 
this may be the edge pull-out of the pins allowing a degree of multi-pin 
bridging in the samples. 

4. Discussion 

Fig. 19 shows the mechanical property change compared to the 2-D 
reference samples. It must be noted that the apparent change in tensile 
properties with the addition of the Kevlar pins is most likely a result of 
the samples used exhibiting a 9.8% lower volume fraction than their 
respective 2-D reference. 

The poor mode 1 performance of the carbon pinned samples appears 
to be the result of the shallow pin angle. This is the result of the single- 
stage press process. With the pins at the crack plane loaded in bending/ 
shear as opposed to tension causing premature failure. Likewise, this pin 
angle, and the resultant edge pull-out in the Kevlar samples may be the 
reason for the improvement observed, with multi-pin bridging as 
opposed to pin fracture providing resistance to crack opening. 

5. Conclusions 

The pinning method introduced in this work has produced reinforced 
preforms that possess the ability to be conformed easily to new topol-
ogies whilst maintaining the integrity of the reinforcement. Preforms 
manufactured with this method may be easily stored, cut to shape, and 
re-formed in their dry uninfused state. The through thickness rein-
forcement acts to maintain the in-plane lay-up and prevent loss of the 
reinforcement. The preliminary tensile results appear to indicate a 
minimal impact on in-plane properties. It must be noted however, that a 
general trend for composites shows through-thickness reinforcement 
tends to be less impactful on woven architecture properties as opposed 
to predominantly unidirectional architectures [29,50]. It is anticipated 
due to the similarity of the architecture that the trends seen in Z-pinning 
and tufting with regards to reinforcement size/density are likely to apply 
to this method also. Whilst the mode 1 results do show some improve-
ment with the Kevlar samples, there is a clear need to improve the press 
process to address the issue of the shallow pin angle. Whilst angled 
placement can be beneficial [51] for metallic reinforcements this does 
not appear to apply in this case. The manual pin placement in this work 
is a time intensive process however there is strong potential for auto-
mation especially with the existing filaments already well suited to use 
with automatic feeding mechanisms due to their intended use in 3-D 
printing applications. 

6. Further work 

Future development of this method will endeavour to address the 
shallow pin angle. In work conducted with the University of Edinburgh 
some process adjustments to use a dual-stage press process were trialled 
with success [52]. This shows promise in terms of producing samples 
with a pin progression significantly closer to orthogonal. Likewise, there 
is the possibility of unifying the pin and composite matrix material 

either in polymer matrix composites or using powder epoxy in allowing 
manufacture of a pre-infused material complete with through-thickness 
reinforcement. Such a pre-infused material may be easily handled, cut, 
and formed in an uncured state prior to final cure. The issue of stick–slip 
propagation in mode 1 will be addressed with a change to the in-plane 
lay-up to include a 0–0 oriented pair of UD layers across the crack 
plane. Work is under way for the construction of a dedicated machine to 
automate the placement process of the pins which will improve con-
sistency and cycle time for the manufacture of preforms using this 
method. This technology will be demonstrated for marine applications 
under the UK Research and Innovation (UKRI) Strength in Places Fund 
with the Belfast Maritime Consortium. 
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