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Abstract
In this work, CAD design and additive manufacturing (3D printing) are used to fabricate surgical staples. The staples 
were analysed on their mechanical robustness according to ASTM standard F564-17 which involved the in-house design, 
prototyping and fabrication (using 3D printing) of specialized grips and extension blocks. Our results indicated that sta-
ples 3D printed using carbon fibre reinforced nylon 6 (CF-PA6) exhibited a strength value of 37 ± 3 MPa coupled with an 
implantation-suitable ductility value of 26 ± 4%. The mechanical robustness of CF-PA6 staples subjected to immersion in 
simulated body fluid resulted in a reduction in stiffness and strength of 40% and 70% over 5 weeks, respectively. The carbon 
fibre nylon composite staples were able to handle a load of 15 kg and 5 kg prior and following immersion in simulated body 
fluid, respectively.

Introduction

Injuries of bones are considered to be critical emergencies 
that should be handled at early stages to prevent any pos-
sibility of lasting loss of function. They include (but not 
limited to) fractures, cancer, and infections. In 2019, 24.5 
million orthopaedic surgeries were performed worldwide 
[1]. It is one of the most rapidly growing surgical procedure 
categories [1].

The basic goal of fracture fixation is to enable fast heal-
ing of the injured bone by stabilizing it, and to return early 
mobility and full function of the injured extremity. Internal 
fixation open reduction (IFOR) is used to solve bone frac-
tures, enable early mobilization and to overcome the limita-
tions encountered when the treatment involves cast immo-
bilization or skeletal traction. Most internal fixation devices 
rely on special devices called implants. [2, 3]

Implants are mostly made from either titanium alloy or 
stainless-steel composites. The abundant implants used in 
internal fixation surgeries can be roughly divided into few 
categories: plates, pins, screws, wires, rods/nails, staples, 
and clamps. The main three materials used in implants fab-
rication are metals, ceramics, and polymers. Drawbacks of 
metals include mechanical mismatch (e.g. strength, elastic 
modulus and toughness) with human bones tissues, which 
results in a stress shielding effect leading to prosthetic loos-
ening, osteolysis, and periprosthetic fracture [4]. In addi-
tion, long-term implantation of metals can trigger hypersen-
sitivity reaction and initiate osteolysis [5]. Ceramics used 
in implants include mainly calcium phosphate, aluminium 
oxide, zirconia, hydroxyapatite, and glass ceramics. These 
materials provide very high compression resistance which 
is very useful specially in dental applications [6]. However, 
their mechanical toughness, ductility, and brittleness make 
them unsuitable for load bearing cases [7]. As a result of 
these drawbacks (in metals and ceramics), polymeric materi-
als are being investigated as suitable materials for internal 
fixation devices.

Traditional techniques for producing implants include 
casting and/or moulding. Other techniques involving addi-
tive manufacturing (3D printing) as a rapid prototyping 
tool are gaining popularity [8]. Rapid prototyping (RP) is 
a set of techniques used to fabricate highly accurate parts 
out of CAD (Computer Aided Design) models [9]. Addi-
tive manufacturing combined with RP techniques have been 
employed to provide solutions in dentistry [10], bone tissue 
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engineering [11], orthopaedics [12], organ/tissue printing 
[13], and medical equipment during COVID-19 pandemic 
[14]. 3D printing through fused deposition modelling (FDM, 
sometimes referred to fused filament fabrication) is one of 
the most widely used types of rapid prototyping techniques. 
FDM printers work by extruding polymer-based filaments 
through a heated nozzle, by melting the filament the proto-
type is formed layer by layer until its complete [15].

In this study, we describe the in-house design, prototyp-
ing and fabrication (using 3D printing) of specialized grips 
and extension blocks required for the characterization of 3D 
printed (through fused deposition modelling) surgical sta-
ples using mechanical analysis and immersion in simulated 
body fluid (SBF).

Materials and methods

Materials

The filaments used for 3D printing were poly(lactic acid) 
(PLA), poly(ethylene terephthalate) (PETG), carbon fibre 
reinforced poly(ethylene terephthalate) (CF-PETG), carbon 
fibre reinforced nylon 6 (CF-PA6) and carbon fibre rein-
forced nylon 12 (CF-PA12), all obtained from Cubic Tech-
nologies (Australia). A commercially available bone fixation 
staple was obtained from Smith and Nephew (Australia). All 
salts required for simulated body fluid were obtained from 
Sigma-Aldrich (Australia).

Design and 3D printing of staples

A standard bone staple called Richard staple or Rich-
ard U-staple [8] was designed (from scratch) using CAD 
(Autodesk Fusion 360, Fig. 1A). The main dimension of 

Fig. 1  A CAD image of staple with dimensions length (23.2  mm), 
width (14.4 mm) and thickness (2 mm). B CAD image of extension 
block with length (25 mm), width (12.5 mm) and thickness (5 mm). 
Numbers 1 and 2 indicate staple leg position and different load posi-
tions, respectively. C CAD design of the bottom grip that connect 
to the bottom part of the mechanical analyser. D 3D printed version 
(in PLA) of the CAD design shown in C) connected to the mechani-

cal analyser. E Extension blocks, and grips fabricated in aluminium. 
Number 1–4 indicate extension blocks to hold the staple from both 
sides, a bottom grip that connects to bottom part of the mechanical 
analyser, stabilizing pins to hold the extension blocks and the grips 
together, and upper grip that connects to the load cell of the mechani-
cal analyser, respectively
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the staples are length (23.2 mm), width (14.4 mm), and 
thickness (2 mm). All 3D printing was carried out using an 
in-house modified FDM printing (Creality 3D CR-10S Pro 
v2, with changes to nozzle, build plate, tubing, and hotend) 
with 100% infill.

Thermogravimetric analysis

Samples parts (10–20 mg) of 3D printed staples were ana-
lysed using thermogravimetric analysis (Netzsch, TG 209 
F1) with crucibles (alumina ceramic, Shimadzu). The heat 
rate was set to increase 5 °C/min under ambient air from 20 
to 950 °C.

Mechanical testing

A sample holder was designed (using CAD, Fig. 1B–C), 
rapid prototyped (in PLA, Fig.  1D), and fabricated (in 
aluminium, Fig. 1E) in-house following the specifications 
provided in the ASTM Standard F564-17 for validating 
commercial surgical staples [16]. The method designates 
the design of a sample holder consisting of two specialized 
metal extension blocks for proper placement of the staple 
during the test (Fig. 1B–E).

During testing, the legs of each staple are fitted into fixa-
tion holes in each extension block with minimal clearance 
to restrict bending of the staple within the hole (Fig. 2A). 
The extension blocks were connected to the metallic grips 
and connected to a universal mechanical analyser (EZ-S, 
Shimadzu, 500 N load cell). All tests were carried out at 
21 °C at a rate of 1 mm/min. Stress, strain, modulus, strength 
and ductility were evaluated from force divided by cross-
sectional area, stroke divided by distance between grips, 
slope of stress–strain curve, stress at failure and strain at 
failure, respectively.

Failure was identified in a complete separation of staple 
component, a visible crack, or a significant drop in applied 
force. Video analysis was used to assess for signs of slippage 
or micro-cracks, which resulted in rejection of the data.

Simulated body fluid

Simulated body fluid (SBF) was prepared by adding quan-
tities of sodium chloride (NaCl, 7.996  g), bicarbonate 
of soda  (NaHCO3, 0.350  g), potassium chloride (KCl, 
0.224 g), dipotassium phosphate  (K2HPO4⋅3H2O, 0.228 g), 
magnesium chloride  (MgCl2, 0.305 g), calcium chloride 
 (CaCl2, 0.278  g), sodium sulphate  (Na2SO4, 0.071  g), 
tris(hydroxymethyl)aminomethane [(CH2OH)3CNH2), 
6.057 g], respectively, into 500 ml deionized water (resis-
tivity 18 MO cm) at 37 ± 3 °C under magnetic stirring. The 
pH was adjusted to 7.4 to match the blood plasma [17] by 
adding HCl and deionized water to increase the total volume 

to 1 L. Staples were immersed in SBF inside a sterile poly-
styrene containers, which were kept for up to 5 weeks at 
37 ± 1 °C. Sets of staples (three) were taken out at day 2 after 
immersion, then at every week for the duration of the test. 
Each set of three staples was dried using a paper towel and 
subjected to mechanical testing at 21 °C.

Results and discussion

Staples were prepared using 3D printing using different 
polymer composite materials and subjected to mechanical 
testing prior and during immersion in simulated body fluid. 
There was excellent agreement between the dimensions of 
all the staples prepared using each of the filaments. The aver-
age dimensions of the 3D printed staples were 14.4 ± 0.2 mm 
(width), 23.4 ± 0.2 mm (length), 2.1 ± 0.1 mm (thickness) 
and weight (0.29 ± 0.01). Thermogravimetric analysis 
(TGA) showed that the composite materials contained about 
20% (by weight) carbon fibre (data not shown). The moisture 
content was estimated below 2%.

Mechanical characteristics of as‑prepared staples

The mechanical characteristics of the 3D printed staples 
were tested until failure (Fig. 2). A summary of the mechani-
cal characteristics of the as-prepared staples is presented in 
Table 1. Our data were benchmarked against a commercially 
available aluminium alloy staple.

It is well known that carbon fibre leads to reinforcement 
of the polymer matrix but at a cost of ductility. We demon-
strated this effect, through a comparison between staples 
printing using PETG filaments with and within carbon fibre. 
Our testing confirmed that the CF-PETG filament resulted 
in an increase in strength (from 13 ± 4 to 20 ± 1 MPa), but a 
decrease in ductility (from 21 ± 2 to 13 ± 1%).

Carbon fibre reinforced nylon 6 exhibited the high-
est tensile strength (37 ± 3 MPa) followed by CF-PA12 
(28 ± 2 MPa) and CF-PETG (20 ± 2 MPa). As expected, 
these strength values are lower than the strength exhibited 
(125 MPa) of the commercially available staple. Modulus 
values of CF-PETG and CF-PA6 were approximately similar 
(150 MPa) and larger than the values exhibited by CF-PA12 
(104 ± 15) and in the same order of magnitude as the com-
mercially available staple. The ductility of the staples varied 
between the different materials with CF-PA12 exhibiting the 
highest ductility value of 48 ± 2%. This value exceeds the 
recommended ductility range (25–30%) for surgical staples 
[18]. In contrast, the ductility of CF-PETG is too low, while 
the ductility of CF-PA6 (26 ± 4%) is within the recom-
mended range. Based on these results, staple 3D printed in 
CF-PA6 were used for analysis of the impact on mechanical 
characteristics following immersion in simulated body fluid.
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Immersion in simulated body fluid

The staple’s dimensions, weight, and mechanical robustness 
were measured at regular intervals during the immersion in 
simulated body fluid. No changes in the dimensions of the 
staples were observed, and there was a minor increase in 
weight (of 0.02 g) following immersion. Table 2 shows the 
average weights and tensile test results of CF-PA6 before 
and after SBF immersion. Figure 2D shows an example of 

typical tensile test results before and after immersion (for 
4 weeks).

During SBF immersion of CF-PA6 staples, it is suggested 
that the composite experienced signs of hydrolysis of the 
molecular backbone in PA6. After one week of SBF immer-
sion, the strength and ductility decreased to 25 ± 2 MPa and 
14 ± 2%, respectively. The decrease continues until week 
2 immersion after which stiffness (modulus) and strength 
reach plateau values of 90 ± 10  MPa and 12 ± 1  MPa, 

Fig. 2  A Image showing staple loaded in the sample holder consisting 
of extension blocks and grips. Arrow points to staple. Number 1 and 
2 indicate extensions block and bottom grip connected to mechanical 
analyser. B and C images showing staple under tension and after fail-

ure, respectively. D Comparison of the force as a function of stroke 
for 3D printed staples printed in carbon fibre reinforced nylon 6 and 
following immersion in simulated body fluid for 4 weeks



4933D printing of surgical staples  

1 3

respectively. This corresponds to a reduction of 40% in stiff-
ness and 70% in strength.

It is likely that the decrease in mechanical robustness can 
be attributed to hydrolysis as previously reported for PA6 
[19, 20]. It has been suggested that this results in a extensi-
bility of the macromolecular chains. In addition, the pres-
ence of salts in the SBF may also play a role [21].

For practical reasons, it is worthwhile to convert the 
strength values of the 3D printed staples from stress into 
load. Prior to immersion in SBF, staples printed in CF-PA6 
were able to handle a stress of 37 MPa which is equivalent 
to a load of 150 N (or 15 kg) at failure (see Fig. 2D). The 
plateau value for strength (12 MPa) reached after 2 weeks of 
immersion translates to the staples being able to withstand a 
load of 5 kg (or 50 N).

Here, we suggest that polymeric staples are easy to shape, 
design, and manufacture, which gives surgeons the flexibility 
of choosing the optimum design and shape for the patients 
need. It is well known that, unlike metal alloys, polymers 
can be modified to be biodegradable which could eliminate 

the potential need for a second surgery to remove internal 
implants in some cases. Future efforts in this area should 
investigate other types of composite materials and additive 
manufacturing methods (e.g. fused filament fabrication) to 
improve on the mechanical robustness of 3D printed staples.

Conclusions

Surgical staples were designed using CAD and fabricated 
using additive manufacturing (3D printing). The mechani-
cal characterization of the polymeric staples was achieved 
ASTM standard F564-17 using specialized metallic grips 
and extension blocks, designed using CAD, prototyped with 
3D printing, and followed by fabrication in aluminium.

Carbon fibre reinforced nylon 6 (CF-PA6) exhibited the 
highest strength (37 ± 3 MPa) and an optimum ductility for 
implantation (26 ± 4%) of the 3D printed samples. Immer-
sion of CF-PA6 staples in simulated body fluid revealed that 
over the course of 5 weeks the mechanical robustness is 
reduced, i.e. a reduction in stiffness and strength of 40% and 
70%, respectively. Our data indicate that following immer-
sion in SBF, staples printed in CF-PA6 had a mechanical 
robustness that could handle a load of 5 kg.

This paper contributes to the deployment of 3D printing 
as a useful tool for designing and rapid prototyping surgi-
cal staples. Future areas of interest could include the use of 
additive manufacturing techniques (such as 3D printing) and 
polymer composite materials to other types of implants, e.g. 
bone plates.
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Table 1  Mechanical properties of 3D printed staples

All mechanical testing performed at 21  °C. PETG, CF-PETG, 
CF-PA6 and CF-PA12 indicate poly(ethylene terephthalate), carbon 
fibre reinforced poly(ethylene terephthalate), carbon fibre reinforced 
nylon 6 and carbon fibre reinforced nylon 12, respectively. Al Alloy 
refers to a commercial sample of similar dimensions to the design 
used for 3D printed staples. Strength and ductility values for Al alloy 
staple are as per the limits of our load cell (500 N), i.e. not failure. 
All reported values are mean calculated with 95% confidence interval 
(n = 10)

Staples Modulus (MPa) Strength (MPa) Ductility (%)

Al Alloy 210 ± 20 120 ± 10 18 ± 2
PETG 50 ± 10 13 ± 4 21 ± 2
CF-PETG 150 ± 10 20 ± 1 13 ± 1
CF-PA12 100 ± 20 28 ± 2 48 ± 2
CF-PA6 150 ± 20 37 ± 3 26 ± 4

Table 2  Mechanical properties and weight of staples printed in 
CF-PA6 (carbon fibre nylon 6 composite) as a function of immersion 
in simulated body fluid

All mechanical testing performed at 21  °C. All reported values are 
mean calculated with 95% confidence interval (n = 10)

Time (days) Modulus 
(MPa)

Strength 
(MPa)

Ductility 
(%)

Weight (g)

0 150 ± 20 37 ± 3 26 ± 4 0.29 ± 0.01
2 140 ± 20 31 ± 2 18 ± 2 0.29 ± 0.02
7 170 ± 10 25 ± 2 14 ± 2 0.31 ± 0.02
14 70 ± 10 11 ± 2 14 ± 1 0.32 ± 0.02
21 100 ± 10 13 ± 1 15 ± 1 0.32 ± 0.02
28 100 ± 10 12 ± 2 15 ± 1 0.32 ± 0.02
35 80 ± 10 11 ± 1 15 ± 1 0.32 ± 0.02
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permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Orthopedic Surgery - Global Trends & Opportunities. (Reseearch 
and Markets, 2018), https:// www. resea rchan dmark ets. com/ repor 
ts/ 48253 13/ ortho pedic- surge ry- global- trends- and. Accessed 15 
Nov 2021

 2. A. Oryan, S. Monazzah, A. Bigham-Sadegh, Biomed. Environ. 
Sci. 28, 57 (2015). https:// doi. org/ 10. 3967/ bes20 15. 006

 3. M.J. Gardner, Master Techniques in Orthopaedic Surgery : 
Fractures, 4th edn. (Wolters Kluwers, Amstrerdam, 2020), pp. 
100–110

 4. T.T. Dang, M. Nikkhah, A. Mernic, A. Khademhosseini, Natural 
and Synthetic Biomedical Polymers (Elsevier, Amsterdam, 2014), 
p. 309

 5. P. Honigmann, N. Sharma, B. Okolo, U. Popp, B. Msallem, F.M. 
Thieringer, Biomed. Res. Int. (2018). https:// doi. org/ 10. 1155/ 
2018/ 45206 36

 6. J. Racine, Orthopedic Medical devices: ethical questions, implant 
recalls and responsibility. Rhode Island Med. J. 96(6), 16 (2013)

 7. D.F. Amanatullah, J. Landa, E.J. Strauss, J.P. Garino, S.H. Kim, 
P.E. Di Cesare, J. Arthroplast. 26, 72 (2011). https:// doi. org/ 10. 
1016/j. arth. 2011. 04. 032

 8. N.A. Waterman, P. Dickens, World Class Des. Manuf. 1, 27 
(1994). https:// doi. org/ 10. 1108/ 09642 36921 00566 29

 9. D.T. Pham, R.S. Gault, Int. J. Mach. Tools Manuf. 38, 1257 
(1998). https:// doi. org/ 10. 1016/ S0890- 6955(97) 00137-5

 10. M. Javaid, A. Haleem, J. Oral Biol. Craniofac. Res. 9, 179 (2019). 
https:// doi. org/ 10. 1016/j. jobcr. 2019. 04. 004

 11. A. Haleem, M. Javaid, R.H. Khan, R. Suman, J. Clin. Orthop. 
Trauma 11, S118 (2020). https:// doi. org/ 10. 1016/j. jcot. 2019. 12. 
002

 12. M. Javaid, A. Haleem, J. Clin. Orthop. Trauma 9, 202 (2018). 
https:// doi. org/ 10. 1016/j. jcot. 2018. 04. 008

 13. M. Javaid, A. Haleem, Clin. Epidemiol. Glob. Health 8, 286 
(2020). https:// doi. org/ 10. 1016/j. cegh. 2019. 12. 008

 14. M. Irfan Ul Haq et al., Res. Biomed. Eng. 38, 305 (2020). https:// 
doi. org/ 10. 1007/ s42600- 020- 00098-0

 15. R.D. Gately, S. Beirne, G. Latimer, M. Shirlaw, B. Kosasih, A. 
Warren, J.R. Steele, M. in het Panhuis, MRS Adv. 2, 913 (2017). 
https:// doi. org/ 10. 1557/ adv. 2017. 107

 16. ASTM F564-17 Standard Specification and Test Methods for 
Metallic Bone Staples. (ASTM International, 2017), https:// www. 
astm. org/ Stand ards/ F564. htm. Accessed 26 Nov 2020

 17. Blood pH (Science Direct, 2020), https:// www. scien cedir ect. com/ 
topics/ immun ology- and- micro biolo gy/ blood- ph. Accessed 9 Mar 
2021

 18. U. Rethnam, J. Kuiper, N. Makwana, J. Foot Ankle Res. 2, 5 
(2009). https:// doi. org/ 10. 1186/ 1757- 1146-2-5

 19. F.M. Preda, A. Alegría, A. Bocahut, L.A. Fillot, D.R. Long, P. 
Sotta, Macromolecules 48, 5730 (2015). https:// doi. org/ 10. 1021/ 
acs. macro mol. 5b012 95

 20. P.Y. Le Gac, M. Arhant, M. Le Gall, P. Davies, Polym. Degrad. 
Stab. 137, 272 (2017). https:// doi. org/ 10. 1016/j. polym degra dstab. 
2017. 02. 003

 21. S. Steward, The ` 6,6, (Virginia Tech, 1999), https:// vtech works. 
lib. vt. edu/ handle/ 10919/ 35635. Accessed 3 June 2021

http://creativecommons.org/licenses/by/4.0/
https://www.researchandmarkets.com/reports/4825313/orthopedic-surgery-global-trends-and
https://www.researchandmarkets.com/reports/4825313/orthopedic-surgery-global-trends-and
https://doi.org/10.3967/bes2015.006
https://doi.org/10.1155/2018/4520636
https://doi.org/10.1155/2018/4520636
https://doi.org/10.1016/j.arth.2011.04.032
https://doi.org/10.1016/j.arth.2011.04.032
https://doi.org/10.1108/09642369210056629
https://doi.org/10.1016/S0890-6955(97)00137-5
https://doi.org/10.1016/j.jobcr.2019.04.004
https://doi.org/10.1016/j.jcot.2019.12.002
https://doi.org/10.1016/j.jcot.2019.12.002
https://doi.org/10.1016/j.jcot.2018.04.008
https://doi.org/10.1016/j.cegh.2019.12.008
https://doi.org/10.1007/s42600-020-00098-0
https://doi.org/10.1007/s42600-020-00098-0
https://doi.org/10.1557/adv.2017.107
https://www.astm.org/Standards/F564.htm
https://www.astm.org/Standards/F564.htm
https://www.sciencedirect.com/topics/immunology-and-microbiology/blood-ph
https://www.sciencedirect.com/topics/immunology-and-microbiology/blood-ph
https://doi.org/10.1186/1757-1146-2-5
https://doi.org/10.1021/acs.macromol.5b01295
https://doi.org/10.1021/acs.macromol.5b01295
https://doi.org/10.1016/j.polymdegradstab.2017.02.003
https://doi.org/10.1016/j.polymdegradstab.2017.02.003
https://vtechworks.lib.vt.edu/handle/10919/35635
https://vtechworks.lib.vt.edu/handle/10919/35635

	3D printing of surgical staples
	Abstract
	Introduction
	Materials and methods
	Materials
	Design and 3D printing of staples
	Thermogravimetric analysis
	Mechanical testing
	Simulated body fluid

	Results and discussion
	Mechanical characteristics of as-prepared staples
	Immersion in simulated body fluid

	Conclusions
	Acknowledgments 
	References




