
    

     

    

         

             

        

 

           

              

             

               

             

             

            

              

              

             

          

           

              

   	
           

            

             

             

       

         

  

 

 

 

 

           

         

            

     

3D printed auxetic nasopharyngeal swabs 

 or COVID-19 sample collection 
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Abs rac  

The COVID-19 pandemic has resulted in worldwide shortages o  nasopharyngeal swabs 

required  or sample collection. While the shortages are becoming acute due to supply chain 

disruptions, the demand  or testing has increased both as a prerequisite to li ting 

restrictions and in preparation  or the second wave. One o the potential solutions to this 

crisis is the development o 3D printed nasopharyngeal swabs that behave like traditional 

swabs. However, the opportunity to digitally conceive and  abricate swabs allows  or design 

improvements that can potentially reduce patient pain and discom ort. The study reports 

the progress that has been made on the development o auxetic nasopharyngeal swabs that 

can shrink under axial resistance. This allows the swab to navigate through the nasal 

cavity with signi icantly less stress on the surrounding tissues. This is achieved through 

systematically conceived negative Poisson’s ratio (−�) structures in a biocompatible 

material. Finite element (FE) and surrogate modelling techniques were employed to 

identi y the most optimal swab shape that allows  or the highest negative strain (−����) 
under sa e stress ( � ). The in luence and interaction e  ects o the geometrical parameters 

on the swab’s per ormance were also characterised. The research demonstrates a new 

viewpoint  or the development o  unctional nasopharyngeal swabs that can be 3D printed 

to reduce patient discom ort. The methodology can be  urther exploited to address various 

challenges in biomedical devices and redistributed manu acturing. 
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1. In roduc ion 

At the time o writing this article, more than 17.9 million [1] people have been diagnosed with 

COVID-19 across the world. All o these diagnoses were con irmed using nasopharyngeal swabs, 

which is the re erence sampling method recommended by WHO [2]. The nasopharyngeal swabs 

required  or the coronavirus tests are di  erent  rom standard cotton swabs; they are usually 15 

cm long with a tip diameter o  0.35-0.40 cm suitable to get to the nasopharynx as shown in 

Fig. 1. According to the guidelines issued by the centre  or disease control and prevention [3], 

the swabs must be made o  synthetic  ibre without a wooden sha t. Also, the swab material 

should not contain calcium alginate or any antimicrobial materials that are usually present in 

wound care swabs, as that can kill the virus. Usually, the nasopharyngeal swabs are inserted 

through the nostril until they reach the in erior concha and the back o  the nasopharyngeal 

cavity. The swabs are then rotated  ive times and removed. Post-sampling, the swabs are inserted 

into a vial containing 3 ml o suitable virus transport medium. 

Nasal cavity 

Swab head 

Nasopharynx 

Throat 

Fig. 1. A schematic illustration o the nasopharyngeal swab testing  or coronavirus adapted  rom Borresen [4]. 

There have been numerous reports regarding the shortages o nasopharyngeal swabs required  or 

sample collection associated with COVID-19 testing across many countries [5–7]. Anecdotal 

evidence suggests that these shortages are expected to become even more critical in the coming 

months because o  increased testing and global concerns over a COVID-19 second wave. The 

situations can be  urther worsened due to supply chain disruption requiring clinicians and local 

agencies to identi y alternative sources  or essential supplies such as test swabs. A potential 

solution that is being investigated across the world in this regard is the digital  abrication o  

nasopharyngeal swabs through various 3D printing (additive manu acturing) techniques. 

The key advantages o  3D printing essential supplies such as swabs go beyond meeting the 

current shortage or  orecasted demand. The capability to digitally transport print  iles over the 

internet means that these healthcare innovations can transcend supply chain disruption and 

reach the user. This would mean that key innovation in product design and print parameters 

can reach the end-user almost instantly without any delay. The multistep swab manu acturing 

process, storage, and transport can be drastically simpli ied through print-on-demand keeping 

the printers and material versatile  or generating a range o relevant products. Lastly and most 
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importantly the widespread availability o 3D printers means that iterative innovation in open-

source designs can happen more drastically than closed-cycle product development. 

This research, there ore, is the  irst step in starting an open and collaborative process to 

drastically improve the existing concepts in nasopharyngeal swabs at the inter ace o  digital 

 abrication and mechanical meta-biomaterials. As part o this process, the research develops the 

 irst auxetic nasopharyngeal swab that can be 3D printed in a biocompatible material, where 

the innovation pipeline is kept open allowing  or collective innovation. A biocompatible 

photopolymer (FLSGAM01) developed by ‘Formlabs’ is the base material o choice as it is readily 

available and compatible with desktop printers used to manu acture biomedical devices. 

According to Kolken and Zadpoor [8], rationally designed complex, arbitrary, and meta-

structures enabled by the advances in 3D printing techniques can o  er numerous bene its in 

terms o their mechanical per ormance. Examples o this include the work by Gao et al. where 

the per ormance o  cylindrical double-arrow [9,10] and double-V [11] honeycomb auxetic 

structures where demonstrated. Mechanical metamaterials [12–16] exhibit unusual properties 

allowing  or advanced  unctionalities, with applications ranging  rom biomedicine [13,17–20], so t 

robotics [21,22], crashworthiness [23–26], and sound transmission [27–29]. 

Scarpa et al. [30] used the  inite element method to investigate the mechanical per ormance o  

auxetic tubular structures to show the dependence o the curvature‐bending moment versus the 

Poisson’s ratio o  the core. Later, Karnessis and Burriesci [31] investigated the collapse under 

pure bending o auxetic tubes, with the aim to identi y design strategies suitable  or improving 

their kinking response. More recent studies include the one  rom Lee et al. [26] and Yang and 

Ma [32] where di  erent types o  auxetic structures were investigated  or energy absorption 

applications. When it comes to biomedical devices, Chen et al. [33] developed mechanically 

superior tubular structures based on re-entrant honeycomb  or microcatheters. As can be seen, 

the concept o auxetic structures are gaining signi icant attention  or numerous applications. 

Auxetic mechanical metamaterials are identi ied by a negative Poisson’s ratio (−�) which is a 

direct consequence o  their geometrical architecture. Poisson’s ratio is a mechanical property 

that represents the lateral behaviour o materials under an axial load. In contrast to traditional 

materials with positive Poisson’s ratio, auxetic materials have −�, translated to unilateral 

shrinkage. This means that i  such a concept can be success ully applied to nasopharyngeal 

swabs, the swab can shrink under axial load to navigate easily through the nasal cavity into 

nasopharynx. Although the designs are di  erent, similar concepts can be seen to be exploited by 

Ma and Liu [34]  or the development stents based upon negative Poisson’s ratio. 

The research is directed towards a process-structure–property relationship into two main classes 

o  auxetic metamaterials, namely, chiral [35,36], and re-entrant [37–39] structures. While the 

de ormation mechanisms o the above-mentioned types o structures are auxetic, their suitability 

and parametric combinations to be used as nasopharyngeal swabs are unknown. Furthermore, 

Page 3 o 32 



    

             

                

           

            

               

               

    	
             

              

             

             

             

               

             

 

    

       

               

                   

               

               

              

             

             

            

              

                 

             

             

               

                

            

              

                 

        

the in luence o  the 3D printing process on the structure-property relationship at the sub-

millimetre are also required to be analysed [40]. While the development o  such a structure at 

the sub-millimetre level is highly challenging through traditional manu acturing, 3D printing 

makes it accessible. The study, there ore, attempts the development, analysis, and optimisation 

o 3D printable nasopharyngeal swabs that can exhibit auxetic behaviour  or the  irst time. The 

e  ect o  various geometrical parameters on the per ormance o  the swab such as lateral strain 

(����), von Mises stress ( � ), Poisson’s ratio (�) and relative density (��) are also carried out. 

This was done using Finite Element (FE) and Design o  Experiments (DoE) based surrogate 

modelling to allow  or open innovation through data sharing. The combined numerical modelling 

approach also allowed to per orm parametric analysis required to identi y the order o  

signi icance o the geometric parameters while paying critical attention to lateral shrinkage and 

stress generated. The study there ore not only introduces a novel auxetic geometry but also its 

most optimal case to yield the best per ormance in ormed by the desirability optimisation 

approach. 

2. Ma erials and me hods 

2.1. Swab head design scope and focus 

The  ocus o  the project was on developing a nasopharyngeal swab head that exhibits auxetic 

behaviour and can be 3D printed. The  irst step was to identi y a suitable unit cell  or the lattice 

structure to establish auxetic behaviour  rom which a suitable variant can be derived  or  urther 

optimisation. The scope o this unit cell selection was based on the mechanics o metamaterial 

concepts [41–43] that adds new  unctionalities such as −� broadening the behaviour o  lattice 

structures. When a traditional material is compressed, expansion takes place along the lateral 

direction to the load applied. Quanti ying this phenomenon is the material property called 

Poisson’s ratio, which is the negative ratio o transverse to longitudinal strain. 

The Poisson’s ratio o a traditional micro-lattices is there ore positive. However, when a material 

deviates  rom the norm and gives rise to a negative Poisson’s ratio (−�), such structures can be 

classi ied auxetic [44–48]. Micro-lattices that exhibit −� are increasingly being sought due to 

their peculiar e  ects which o ten cannot be achieved through traditional lattices [49–52]. These 

e  ects then translate to their tremendous potential in applications such as the ones explores in 

this study. Though there are exceptions, widely studied −� structures  all under one o the two 

categories namely re-entrant [53–58] and chiral [8,59–63]. Although 3D printing allows conceiving 

structures that  all under any categories, the most studied variant is the re-entrant category. 

The primary reason  or this is the simplicity o the re-entrant architecture allowing it to be used 

 or a wide range o structural applications. 
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Fig.  2.  Di  erent  designs  analysed  to  identi y  their  suitability  to  be  used  as  the   oundation   or  the  auxeti

nasopharyngeal swab head. The designs AX1 to AX4  are auxetic variants while RE1 is a regular geometry designe

as a control specimen  or comparative study.  

c 

d 

A  total  o    our  di  erent  auxetic  lattices  (AX1  to  AX4)  and  one  regular  (RE1)  lattice  ar

investigated  in  this  study  (Fig.  2).  Out  o   the   our  auxetic  designs,  the   irst  one  (AX1)  wa

inspired by chiral helix structures. Although the rest o  designs AX2, AX3 and AX4 were inspire

by the traditional re-entrant architecture, AX2 is commonly re erred to as the arrowhead desig

due to its distinct shape. AX3 and AX4 both share  undamental bowtie re-entrant architectur

with  the  latter   eaturing  an  angled  cross-link  resulting  in  a  novel  architecture.  The  regula

structure  RE1  is  based  on  the  well-established  cross-hatch  diamond  architecture,  which  i

included in this study as a benchmark design. All the structures  eatured a global diameter an

height o  3.5 mm and 15.3 mm respectively at a strut diameter o  0.3 mm. The relative densit

 or all the structures was within a range o  0.08-0.13 to allow e  ective comparison and  or dat

normalisation.  
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2.2. Numerical modelling  

Structural per ormance analysis o  the designs was carried out using the Finite Element

(FEM).  The  solver  o   choice  was  Ansys  non-linear  mechanical  to  mimic  a  qu

experimental  compression  test.  The  compression  platens  were  modelled  as  rigid  bodie

diameter  and  thickness  o   5  mm  and  0.5  mm  respectively  as  shown  in  Fig.  3.  The  b

conditions  or bottom platens were assigned  ixed in all directions and a 1 N vertical load

at 100 substeps (nsub) was applied along the -  (compression) direction. For patient sa

to prevent injury to the nasopharynx, it was critical that the swabs are designed  or a s

Since  there  were  no  standards  available  regarding  the  sa e  load   or  nasopharyngea

inhouse tests were carried out on commercially available traditional swabs, which showe

de ormation between 0.8 and 1.2 N approximately. As a result, 1 N was identi ied as a

sa e load to develop the  irst prototype. Overall, the design load needs  care ul  consider

Method 
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higher loads, especially  or designs  eaturing thin walls may cause microtears along the 

nasopharynx causing a burning sensation, pain, and the risk o in ection. The contact between 

the rigid body platens and the swab head was modelled as  rictionless  or computational 

e  iciency. 

Mesh resolution 

� = −1 � (���� 100) 
Rigid body��,�� = 0 

Fixed rigid body��,�,�� = 0 

4 

2 
3 

1 

l 

j 

k 

i 

o 

n 
m 

r 

q 
p 

10 node tetrahedral element 

(a) 

(b) (c) 

Joints are modelled 

as continuum body 

Fig. 3. Finite element numerical model showing (a) boundary conditions (b) mesh resolution and (c) element type 

used to predict the mechanical behaviour o the lattice structures considered  or swab head. 

The structural components were modelled using a solid tetrahedral elemental type (SOLID187) 

with a Bilinear Isotropic Strain Hardening (BISO) material model. A 3D solid tetrahedral was 

the element o choice as lower-order elements such as beam o  er less accuracy. For the geometries 

under consideration, it was important to study both the local stress concentration e  ects at 

joints in addition to the global de ormation o the lattices. The element was de ined by 10 nodes 

having three degrees o   reedom (DOF) at each node: translations in the nodal  , y, and z 

directions as shown in Fig. 3c. The element has plasticity, creep, stress sti  ening, large de lection, 

and large strain capabilities. The element is also suitable  or modelling quadratic displacement 

behavior making it well suited  or modeling irregular meshes in top-down FE modelling 

approaches such as the ones in this study. All elements o the lattice structure were modeled as 

a continuum body rather than an assembly to avoid spurious rotational e  ects at joints. 

The BISO material model was the most appropriate  or this study hence the exact plastic 

behavior o the structure is not o interest in this study. The BISO model represents the material 

behavior using a bilinear stress-strain ( − �) curve where the initial slope is described using 

Young’s modulus (E). As the  ocus o the simulation is limited to the elastic per ormance o the 

structure, the BISO  − � curve is represented per ectly plastic a ter the yield strength ( �) o  

the material. Based on the numerical results, the lateral strain (����) to characterise the radial 

shrinkage was evaluated as the average elastic strain across the two radial directions which in 
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this case are �� and � . The strains were calculated independently  or all the six lattice layers 

and an average was taken to characterize the overall shrinkage. The normalised lateral strain 

(�!") with respect to relative density was then evaluated by dividing ���� with the respective �� 
and converting it into a percentage. The relative density o  the structures was classi ied using 

the method described in previous studies [64,65]. Lastly, the Poisson’s ratio was calculated using 

Eq. (1): 

−〈����〉� = %��& (1) 

(a) (b) 

5 mm 2 mm 

Fig. 4. Samples used  or mechanical tests where (a) shows the post-cured tensile test samples and (b) sample swab 

head used  or numerical validation. 

Although numerous biocompatible polymers such as Polyjet exists [66], the choice o  material 

selection  or the study was in ormed by three primary criteria: (i) biocompatibility, (ii) 

accessibility, and (iii) a  ordability. During the initial discussion with academics and industry 

specialists, it became apparent that both the 3D printing technique and the material should be 

both low cost and accessible to be adopted across the globe. Consequently, the decision was 

taken to use the globally used stereolithography (SLA) technique in a ready to print 

biocompatible material that can be used in a low-cost plug and play desktop printer Form2. The 

surgical guide biomedical resin (FLSGAM01) was the material o  choice as it  ollows 

ISO 13485:2016 [67] and 14971:2012 [68] (replaced by 14971:2019 [69]). 

Table 1. Material properties o the biocompatible photopolymer FLSGAM01. 

Ma erial proper y 

Elastic modulus (' () 
Yield strength ) � (()* 
Poisson’s ratio (�) 
Density (�() 

Value 

2.9 (GPa) 

73 (MPa) 

0.3 

1250 (kg/m3) 

Compliance/specifica ion 

Disin ection compatibility 
Chemical 

Steam 

70% Isopropyl Alcohol  or 5 minutes 

Autoclave at 134 °C at 20 min. or 121 °C at 30 min. 

Not cytotoxic EN ISO 10993-5:2009 

Biocompatibility Non-irritant ISO 10993-10:2010/(R)2014 

Non-sensitizer 
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All material properties used  or the structures are as summarised in Table 1. The material 

properties were evaluated  rom post-cured tensile test specimens (Fig. 4a) 3D printed in a ‘Form-

2’ machine under identical conditions to that used to print the swab heads  or validation 

(Fig. 4b). The material a ter printing was washed in a ‘Form Wash’  or 20 minutes in 99% 

isopropyl alcohol. The specimens were then cured at 60℃  or 30 minutes in a ‘Form Cure’. The 

accuracy o the numerical model was  urther validated by comparing the load to  ailure observed 

between the manu actured samples and the numerical model. 

Table 2. Optimum elemental and nodal distribution associated with the converged structural FE model. 

Parame ers 
AX1 AX2 

Swab design 

AX3 AX4 RE1 

Elements 86888 61923 201863 41537 58782 

Nodes 169837 133271 316460 98374 125873 

Mesh re inements were carried out using a mesh sensitivity analysis resulting in the optimum 

number o  inite element nodes and elements as listed in Table 2 at a minimum edge length o  

3.0712e-3 mm. The mesh sensitivity analysis was carried out using the strain energy convergence 

criterion until there was no variation in the average strain o elements. Strain energy was deemed 

appropriate as stress singularities do not signi icantly in luence the average strain energy o  

elements. Consequently, the minimum edge length was determined as the smallest element size 

required to produce no  urther variations in result. The global elemental matrix was solved using 

a six-core ‘Intel Xeon’ processor at 2.10 GHz assisted by 64 GB RAM resulting in a solution 

time o approximately 17 minutes  or convergence. 

Consideration was also given to non-linear geometrical behaviour o the auxetic design to capture 

a realistic behaviour. To accommodate this, the model uses the solid tetrahedron element that 

 eatures large strain capabilities. Small de ormation and strain analyses assume that 

displacements are small enough that the resulting sti  ness changes are insigni icant, which is 

not the case in this analysis. There ore, a large strain  ormulation is used to account  or the 

sti  ness changes that result  rom changes in an element’s shape and orientation. This is  urther 

en orced through prescribing the non-linear geometry  ormulation (nlgeom, on) that ensures 

large strain e  ects are captured. This procedure is coupled with the use o substeps (nsub, 100) 

so the load is discretised into smaller steps that are solved using the Newton-Raphson non-linear 

 ormulation. 

Be ore each solution, the Newton-Raphson method evaluates the out-o -balance load vector, 

which is the di  erence between the restoring  orces (the loads corresponding to the element 

stresses) and the applied loads. The program then per orms a linear solution, using the out-o -

balance loads, and checks  or convergence. I  convergence criteria are not satis ied, the out-o -

balance load vector is re-evaluated, the sti  ness matrix is updated, and a new solution is 

obtained. This iterative procedure continues until the problem converges. Several convergence-
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enhancement and recovery  eatures, such as line search, automatic load stepping, and bisection, 

were also activated to help the problem converge in a computationally e  icient manner. 

F
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Displacement (mm) 

Fig. 5. Comparison between experimentally and numerically measured load-de lection data  or model validation. 

Table 3. Finite element model validation. 

I em 
AX4 (+, = -. / 00,12 = 34, 15 = 644) 
Yield  orce (N) Peak  orce (N) 

Validation experiment 3.27 4.09 

FEA 2.41 4.25 

% di  erence 4.30% 3.87% 

The validation o  the  inite element model was carried out by comparing the numerical 

predictions with experimentally measured  orce-displacement (7 − 8) curve o  the swab heads 

shown in Fig. 4b. Fig. 5 shows that the numerical model is capable o predicting both the elastic 

and plastic behaviour o the swab heads being analysed. The  inite element elastic de ormation 

can be seen to closely  ollow the experimental trend. In both cases,  ailure was observed through 

barrel-shaped shrinking  ollowed by buckling. Comparing the parametric values as shown in 

Table 3 shows that the FE model overestimates the yield and peak  orces by 4.30% and 3.87% 

respectively. This can be attributed to the idealised geometry and the thin struts o the lattice 

structures being studied. In summary, the 7 − 8 curve shows that FEA model o  ers good 

agreement with experimental results. 

2.3. Mul i-objec ive op imisa ion 

2.3.1. Formulation of the optimisation problem 

Generally,  or a multi-objective optimisation problem, the relationship between the variables 

associated with the design and the objective  unction can be represented using Eq. (2): 

⎧=>�>?>�@ 7(�) = [7B(�), 7C(�),…… , 7E(�)]:
⎨: �. G �� ≤ � ≤ �I (2) 

⎩

Page 9 o 32 

http:Table3showsthattheFEmodeloverestimatestheyieldandpeakforcesby4.30%and3.87


    

                 

               

                   

               

             

              

     

                 

            

               

              

              

	
                  

              

             

               

               

            

   

   

               

                

            

             

               

               

            

              

              

               

               

              

  	
              

               

                

              

             

where � = (�B, �C,… , �J) is the vector o K design variables, �� and �I are the lower and upper 

limits o the design variables, respectively and 7(�) is the objective  unction. A ter studying all 

the candidate designs as shown in Fig. 2 and selecting the best auxetic design to be used as the 

 oundation  or the swab head. The design must be optimised by identi ying the best geometrical 

parameters to achieve the targeted properties o  interests (responses). These responses are the 

characteristics that are considered most  avourable  or the problem  or which the design is 

required to be optimised  or. 

For the best auxetic swab, the optimal design is the one that has the ideal geometrical dimensions 

to achieve the highest shrinkage while exhibiting sa e stress. Understanding the relationship 

between these responses and the design parameters will allow  or the generation o an optimised 

result. Based on the auxetic lattice selected, the geometrical parameters were selected as design 

variables while maximum elastic lateral strain (−����) and von Misses stress as design responses 

( � ). These two responses were selected as the  ocus o  the project is to create 3D printable 

auxetic swab that exerts the least lateral resistance without plastically de orming as it travels 

through the nasal cavity. Accordingly, maximising the elastic shrinkage will ensure that the 

structure exerts the least amount o stress on surrounding tissues. Besides, the in luence o the 

chosen design parameters on Poisson’s ratio (�) and relative density (��) are also studied  or 

 urther characterisation o the structural per ormance and to understand the contribution  rom 

material mass, respectively. 

2.3.2. Surrogate modelling 

To generate the solution  or the optimisation problem as represented in Eq. (1), the design 

parameters must be linked to the responses  irst. This is done through the development o  a 

surrogate model, which uses response sur aces to characterise the in luence o  geometrical 

parameters and their interaction on the responses o  interest. The surrogate model employs 

mathematical and statistical techniques that are based on the  it o empirical models to numerical 

data. This is done by employing polynomial  unctions to describe the behaviour o  the auxetic 

lattice selected  or the swab head and to explore their parametric in luence. 

Numerous variables can a  ect the behaviour o  the structure being studied; however, it is 

un easible to identi y and control contributions  rom each one. There ore, it was necessary to 

select those variables that allow  or major e  ects on auxetic behaviour, which are the strut 

diameter (LM), auxetic angle (NM) and cross link angle (NO). Accordingly, the model considered in 

this study is represented using  our responses namely the lateral strain (����), maximum von 

Mises stress ( � ), Poisson’s ratio (�) and relative density (��). By  itting the simulation data 

to suitable polynomial equations, the surrogate model can provide a prediction that can be used 

to indicate which design parameter has the most in luence on the per ormance o the swab head. 

The surrogate models can be also extended to understand the interaction e  ects between the 

geometrical parameters  or each o  the responses considered. A  lowchart o  the methodology 
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considered  or the development o  the surrogate model and obtaining the optimal design is 

summarised in Fig. 6. 

Selection of design 

variables (LM, N� and NO) 

and associated limits 

Generation of sampling 

points using Box– 

Behnken design 

Finite element 

simulation of all the 

sampling points 

Add additional sampling 

points to improve 

accuracy 

Surrogate 

model 

accurate? 

Construction of response 

surface models for 

design responses ����,  � , �, and �� 

Desirability approach 

Predict the influence of 

the design variables on 

the objective responses 

Optimum design 

Yes 

No 

Fig. 6. Flow chart o the optimisation process using the desirability approach. 

The surrogate model was developed using the Box–Behnken response sur ace modelling 

technique. Box-Behnken designs are used to generate accurate response sur aces using  ewer 

required runs than a normal  actorial technique [70]. Box–Behnken and the central composite 

techniques used in previous work [71] identi y runs required  or developing response sur ace 

models. In general, the Box-Behnken design uses the twelve middle edge nodes and three centre 

nodes to  it a polynomial equation. Box-Behnken designs place points on the midpoints o  the 

edges o the cubical design region, as well as points at the centre as listed in Table 5. 

For this study, each  actor is placed at one o three equally spaced values. The design is su  icient 

to  it a quadratic model, which includes square and interaction e  ects between  actors. In this 

regard the ratio o the number o simulation points to the number o coe  icients in the quadratic 

model is reasonable. When it comes to structural mechanics, o ten a certain relationship exists 

between output () and design variables (�) where a model can be written as shown in Eq. (3): 

 = 7(�B, �C,… � ) + � (3) 

where � represents the error associated with the response . Usually, a second-order model is 

used in response sur ace surrogate modelling represented by Eq. (4): 

J J C = QR +SQE�E +SQEE�E +SSQET�E�T + � (4) 
E=B E=B E T 
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where the Q coe  icients are calculated using the least-squares method. The response sur ace 

surrogate model can then be used to  ind values o  the responses (���� and  � ) that result in 

optimised multi-objective response or to discover what values o  � will satis y the targeted 

requirements (point prediction). 

3. Resul s and discussion 

3.1. Selec ion of a sui able auxe ic design 

Using the numerical model,  our auxetic candidates (AX1-4) were evaluated  or their potential 

to be used as the  oundation  or the swab head. The regular design RE1 was conceived to act as 

a benchmark to demonstrate comparative behaviour between auxetic and regular design. For an 

e  ective design o the auxetic swab head, the balance between axial shrinkage and strength are 

crucial  actors, which must be considered. The properties and associated responses  or all the 

designs are summarised in Table 4. As evident  rom the porosity range, the material distribution 

between the designs was comparable with the highest di  erence limited to 6%. Despite the slight 

di  erence in porosity between the designs considered, the strut, and the global diameter are kept 

constant to allow  or a valid comparison. 

Table 4. Properties associated with all the lattice candidates that were being evaluated to design the swab head. 

Proper y AX1 AX2 AX3 AX4 RE1 

�� 0.121 0.138 0.084 0.088 0.106 

� (vol. %) 87.87 86.23 91.58 91.20 89.43 

�� �(MPa) 

����(× 10−V)
� 

32.85 

-0.29 

-0.12 

12.13 

-0.60 

-0.23 

13.27 

-1.08 

-0.29 

28.45 

-1.43 

-0.29 

19.87 

0.86 

0.27 

Two primary parameters namely lateral strain (����) and von Mises stress (�� �) were chosen to 

evaluate the per ormance o  the cellular structures. While average lateral strain allowed to 

characterise the overall radial shrinkage, von Mises stress evaluated the structural integrity. 

Consequently, using these two parameters the most suitable design that demonstrate a balance 

between shrinkage and strength can be evaluated. Considering the load-bearing capacity o  a 

traditional nasopharyngeal swab, which  ailed at 860±50 mN, a compressive load o  1 N was 

used to study the structural integrity o  the cellular structures. Under this circumstance, the 

resulting  � (Table 1) con irms that all the designs per orm well below the yield strength (73 

MPa) o the bulk material. The lowest and highest stresses were exhibited by designs AX2 and 

AX1 respectively. However, these designs show comparatively low per ormance when it comes 

to the lateral strain. 

Looking at the in luence o relative density on the structural per ormance as shown in Fig. 7, it 

is clear that stresses are not dictated by ��, instead, by the shape o  the unit cells. This is 

consistent with previous studies on microporous cellular structures where di  erent unit cell 

shapes were evaluated under identical porosity and loading [72]. Nevertheless,  or the application 
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considered in this study, the capacity  or lateral shrinkage o  the structures was o  prime 

importance. 
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Fig. 7. Per ormance o the lattice designs considered showing (a) the von Mises stress observed and (b) the normalised 

lateral strain. 

Though small, to disregard the variability o  ered by the porosity between the designs, the lateral 

strain was normalised (�!") as shown in Fig. 7b. All the auxetic designs (AX1-4) exhibited a 

negative lateral strain (signi ying radial shrinkage) with the regular design (RE1) showing a 

positive strain (expansion) as demonstrated in Fig. 8. The highest lateral shrinkage was exhibited 

by AX4, a 23% improvement in comparison to AX3. Even though both o these designs (AX3 

and AX4) are based on the traditional re-entrant architecture [73], AX4 allows  or an increased 

bend dominance as a result o  the chevron cross-link which is the reason  or the enhanced 

shrinkage. 

The increased bend dominance o the modi ied re-entrant architecture (AX4) can be con irmed 

also by studying the associated stress pro ile as shown in Fig. 8. When compared to AX3, the 

re-entrant beams can be seen to be experiencing comparatively higher stress that results in a 

higher lateral strain. However, when it comes to the design that is experiencing the highest stress 

that is AX1, the nature o  the design means that most o  the associated strain is being 

transmitted axially. This was not surprising as the chiral nature o  the unit cell is known to 

exhibit rotational load trans er as demonstrated by Mousanezhad et al. [74]. The FE model also 

reveals the location in addition to the magnitude (Fig. 8) o  the stress concentration. Here, a 

constant legend is used to aid the visual identi ication o areas with high stress. As can be seen, 

AX1 shows numerous areas o high stress  acilitated by unique lattice  ollowed by AX4 and RE1. 

While the additional stresses in AX4  acilitate increased lateral shrinkage, the opposite is true 

 or RE1. 
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Fig. 8. Von Mises stress pro ile and elastic de ormation associated with the candidates tested  or the swab head. 

There ore, the results so  ar established that the geometry o the cellular structures has a higher 

in luence on mechanical per ormance, and an enhanced understanding o the stress distribution 

is required to derive e  ective design guidelines. For the structures investigated, every aspect o  

the mechanical per ormance and associated  ailure are dependent on the concentration o stress 

 acilitated by the geometry as opposed to relative density [75]. Overall, considering that AX4 

exhibited the highest lateral shrinkage while meeting the structural integrity criteria ( � < 
 �), this design approach was selected to be used as  oundation to develop the auxetic 

nasopharyngeal swab. 

3.2. Influence of design parame ers 

3.2.1. Generation of the surrogate model 

A ter selecting AX4 to act as the potential design candidate  or the best auxetic swab head; the 

question becomes ‘what optimum combinations o the design parameters will result in the most 

 avourable response?’. To answer this question, the surrogate model is generated to study both 

the interaction e  ects and order o  in luence o  the design variables on the mechanical 

per ormance. While the analysis so  ar was  ocused on establishing a suitable auxetic design, the 

role o the surrogate model is to identi y the interaction e  ects o the geometric variables on the 

per ormance o the selected design. 

Table 5. Design parameters selected  or the surrogate model. 

Design Variable Code -1 0 1 

NON� 

L� LM (mm) A 0.1 0.2 0.3 

N� (deg.) B 65 75 85 

NO (deg.) C 130 155 180 
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For a systematic analysis, three geometrical parameters o  AX4 that preserved the auxetic 

response were identi ied, namely the strut diameter (LM), auxetic angle (N�) and cross link angle 

(NO) as listed in Table 5. Consideration was also given when selecting the maximum and 

minimum limits o  these geometrical parameters to make sure the overall shape remains 

una  ected. The surrogate model is then used to study both the in luence and interaction o  

these parameters and their signi icance on  our responses that characterises the per ormance o  

the structure, namely ����,  � , � and ��. The results o the analysis were used to identi y design 

parameters that had the most and least signi icance on the responses o  interest. While the 

number o  designs that demonstrate −� are being increasingly documented, the literature is 

rather scarce, when it comes to their optimum variants. 

Table 6. Design matrix in orming the surrogate model. 

Fac or 1 

A = LM (mm) 

Fac or 2 

B = N� (deg.) 

Fac or 3 

C = NO (deg.) ��  � 
Responses 

(MPa) ����(10−V) � 
0.3 75 130 0.084 14.72 -1.32 -0.29 

0.1 85 155 0.011 134.44 -4.80 -0.30 

0.1 65 155 0.012 324.46 -2.63 -0.22 

0.2 65 130 0.042 78.07 -2.41 -0.25 

0.3 85 155 0.080 7.83 -1.83 -0.31 

0.1 75 180 0.011 271.02 -2.76 -0.30 

0.2 75 155 0.039 52.37 -4.45 -0.28 

0.2 75 155 0.039 52.37 -4.45 -0.28 

0.2 75 155 0.039 52.37 -4.45 -0.28 

0.1 75 130 0.011 278.04 -2.69 -0.29 

0.3 75 180 0.082 14.25 -1.33 -0.29 

0.3 65 155 0.086 17.49 -1.27 -0.29 

0.2 75 155 0.039 52.37 -4.45 -0.28 

0.2 85 180 0.038 22.25 -4.21 -0.30 

0.2 65 180 0.041 85.23 -2.41 -0.25 

0.2 75 155 0.039 52.37 -4.45 -0.28 

0.2 85 130 0.038 21.64 -3.75 -0.30 

Be ore using the surrogate model  or  urther analysis, the accuracy o  the model was 

characterised using the analysis o variance (ANOVA). Once the model was con irmed valid, it 

was used to generate response sur aces (RS), that showed the relationship between the 

geometrical parameters (LM, N�, NO) on the responses (��,  � , ����, �) characterising the 

mechanical properties. The surrogate model developed was based on the Box–Behnken higher-

order response sur ace methodology that represents the variables o  interest as independent 

 actors as listed in Table 6. While the  � is the maximum von Misses stress under a constant 

load o 1 N, both ���� and � are evaluated  rom the elastic response o the structure. 

Design variants o  AX4 that met each o  the  actorial combinations dictate by the sampling 

points were generated. Finite element analysis was then carried out on each o the design variants 

and the responses −����,  � , −� and �� were evaluated as listed in Table 6. The best- it 
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indicators characterising the accuracy o  the surrogate model revealed that �� and −� can be 

characterised using linear models listed in Eq. (5) and (6) respectively. On the other hand, 

e  ective prediction o ���� and  � requires quadratic models as listed in Eq. (7) and (8) which 

implies signi icant interaction e  ects. 

10] N� −
0.019 �� = −0.013 + 0.358LM − 0.169 

(5) 10] NO 

10] N� −
0.085 � = −0.067 − 0.08LM − 2.493 

(6) 10] NO 
����(10−V) = 60.548 − 81.955LM − 0.568N� − 0.431NO + 0.403LMN� + 0.006LMNO 

(7) − 0.46 C + 3.237 C + 1.49 C10] N�NO + 149.375LM 10] N� 10] NO

 � = 1296.923 − 7903.38LM + 6.03N� − 5.311NO + 45.09LMN� + 0.655LMNO − 6.55 
10] N�NO 

C + 0.183 + 8069.854LMC + 0.120N� C 
(8) 

10] NO
As shown in Table 7, ANOVA can be used to represent the accuracy o  the model, which are 

the probability (p-value), coe  icient o  determination R2, Adjusted R2, Predicted R2, and 

Adequate precision. The results show that all models  eature signi icant F-values and very low 

p-values, which are the most common denominator demonstrating that all models are valid with 

negligible noise [76]. 

Table 7. Analysis o variance showing the signi icance and quality o the surrogate models developed. 

S a is ical measuremen s 
Model F-value p-value 

R2 Adj-R2 Pre-R2 Adeq-precision 

�� 167.13 <0.0001 0.9747 0.9689 0.9540 34.1431 

 � 71.72 <0.0001 0.9893 0.9755 0.8283 26.9415 

���� 60.95 <0.0001 0.9874 0.9712 0.7984 21.4362 

� 9.07 0.0017 0.6767 0.6021 0.3287 9.5297 

In general, models with a probability (p) value o  less than 0.05 signi ies that model terms are 

signi icant [77]. This in combination with a higher than 4 adequate precision ratios shows that 

the surrogate model has insigni icant noise [78]. It can also be seen that all model terms show 

high R2 (>0.6) in addition to an excellent agreement between the predicted and adjusted R2, 

which are all commonly used credentials indicating the quality o the surrogate model. Overall, 

the analysis o variance shows that all the  our models are signi icant and can be used to make 

valid predictions within the range listed in Table 5. A ter having evaluated the values through 

statistical parameters, the relationship between the  inite element and surrogate model 

predictions were compared as shown in Fig. 9a-d. For all responses being evaluated (��,  � , 

���� and �), the predictions o the surrogate model (diagonal dotted line) can be seen to closely 
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 ollow  the  numerical  results.  The  comparatively  small  residuals  as  presented  in  Table  8  also  

shows that the models are valid. This means that Eq. (4-7) adequately represents the relationship  

between the geometrical variables and the responses.  

Although  small,  the  agreement   or  Poisson’s  ratio  at  low  thicknesses  and  high  auxetic  angles  

were  ound to deviate the  urthest  rom the predicted per ormance. This was due to the buckling  

e  ects  that  were  more  prominent  at  lower  strut  thicknesses  (0.1-0.2  mm)  and  higher  auxetic  

angle (75-85°). Since the Poisson’s ratio considers both the axial and radial strains, these e  ects  

had a higher e  ect showing a slight deviation  rom an otherwise ideal trend. Nevertheless, it can  

be seen  rom Table 7 that all the statistical parameters commonly used to evaluate the quality  

o   the  surrogate  model  indicate  that  the  model  is  still  valid.  Overall,  the  analysis  o   variance  

shows  that  all  the  models  including  the  one   or  Poisson’s  ratio  are signi icant  and  can  be  used  

to make valid predictions. There ore, it can be con irmed that the surrogate model developed in  

this study is appropriate.  

Fig.  9. Comparison  between  surrogate  and   inite  element  predictions   or  (a)  relative  density,  (b)  von  Mises  stress,  

(c) lateral strain, and (d) Poisson’s ratio o  the auxetic swab head.  

Page 17 o 32 



    

         

  	
   

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

 

       

                 

               

                  

              

                

   

  
  

                      

              

                 

              

 
 
 
 
 
 

 
 

 

 
 

 

 
 

 
 

 
 

 

  

 
 
 
 
 
 

 
 

 

 
 

 

 
 

 
 

 
 

 

  

Table 8. Residuals  or the response sur ace models developed. 

�� �� � ���10
���  

0.0045 -08.91 -0.2388 -0.0018 

0.0054 -20.85 -0.1400 0.0001 

0.0028 -00.78 -0.2425 0.0251 

-0.0035 -11.94 0.0987 0.0106 

0.0026 00.78 0.2425 0.0077 

0.0045 08.91 0.2387 -0.0241 

-0.0039 00.00 0.0000 0.0031 

-0.0039 00.00 0.0000 0.0031 

-0.0039 00.00 0.0000 0.0031 

0.0037 12.72 0.1438 -0.0203 

0.0036 -12.72 -0.1438 0.0016 

0.0058 20.85 0.1400 -0.0268 

-0.0039 00.00 0.0000 0.0031 

-0.0031 11.94 -0.0988 0.0061 

-0.0035 -08.13 0.0037 0.0057 

-0.0039 00.00 0.0000 0.0031 

-0.0033 08.13 -0.0038 0.0008 

3.2.2. Influence of design parameters on �� 
Fig. 10 shows that the relative density o AX4 is primarily dependent on the strut diameter (Fig. 

10a) with very small and almost no in luence  rom auxetic and cross link angles respectively 

(Fig. 10b). The dependency o  �� on LM is also linear with the lowest and highest amount o  

material within the structures relating to the lowest and highest LM respectively. This response 

is logical as the key parameter modulating the amount o material within the structures is the 

strut thickness. 
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Fig. 10. In luence o  the design parameters on the relative density showing (a) the e  ect o  LM and N� when NO is 
constant and (b) the interaction e  ects o N� and NO when LM is constant. 

Neither the variation in N� or NO can introduce large changes in the amount o  material in 

comparison to LM, which was expected due to the overall geometry. The limited interaction 
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between  the  design  parameters  can  be   urther  validated  using  Fig.  10b,  where  the  trend  in  

per ormance with varying N�  and NO  while keeping LM  constant is not a  ected. This results in an  

almost  lat per ormance slope (Fig. 10b) resulting in similar ��  despite the changes in N�  or NO.  
There ore,  or AX4, one can only make substantial changes to the relative density o  the structure  

by changing LM. Overall, the most signi icant terms on ��  are the  irst-order e  ects o  LM.  
3.2.3.  Influence  of d esign  parameters  on    � 

Fig.  11a  shows  the  in luence  o   the  strut  diameter  and  auxetic  angle  on  the  von  Mises  stress  

experienced by the structure. As can be seen, as the strut diameter approaches the lowest limit  

o   0.1  mm,  the  structure  is  plastically  de orming  as  the  von  Misses  stress  has  well  passed  the  

yield  strength  o   the  material.  This  was  expected  and  does  not  skew  the  lateral  strain  and  

Poisson’s  ratio  calculations  as  they  are  evaluated   rom  the  elastic  range  o   the  structure.  

Furthermore,  von Mises  stress  itsel   is  composed  o  principal  stresses,  which are  related  to  the  

magnitude o  the load and area resisting the load. Consequently, comparing the von Mises stress  

to the yield strength o  the material is the standard procedure to see where the design lies.  

It can be seen that � 	
 is in luenced not only by variations in M  but also by �. Furthermore,  

the  variation  in  the stresses   ollows  a non-linear pattern,  where the  stress  increases  when  both  

the strut diameter and auxetic angle decreases. An observation that is generally associated with  

auxetic lattice structures [71,79] irrespective o  the material. However, di  erent  rom what was  

observed  in  the  case  o   ��,  the  interaction  between  the  parameters  on  the  resulting   � 	
 is  

signi icant, which can be con irmed by comparing Fig. 11a to 11b.  

 L N

Fig.  11. In luence  o   the  design  parameters  on  the  von  Mises  stress  experienced  by  the  structures  showing  (a)  the  

e  ect o   LM  and  N�  when  NO  is  constant  and  (b) the  e  ect  o  NO  and  LM  when  N�  is  constant. Comparing  (a)  and  (b)  

also shows whether there are interaction e  ects between the structures.  

The in luence o  M  on the von Mises stress varies with �  (Fig. 11a) and not with O  (Fig. 11b).  

This  can  be  observed   rom  the  di  erence  in  the slope  o   the  response  sur ace  concerning  LM  at  

di  erent  N�  as  shown  in  Fig.  11.  On  the  contrary,  when  NO  was  varied  the  dependency  o   von  

Mises stress on  was not a  ected as shown in Fig. 11b.   Overall, it can be seen that  has a  

L N N

LM LM 
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higher in luence on the von Mises stress when N� is higher, which means that the interaction 

e  ect between the design parameters LM and N� is signi icant and needs to be taken into 

consideration while designing the most e  ective AX4 structure. Accordingly,  or improving the 

structural integrity o  AX4, the most signi icant terms on  � are the  irst-order e  ects o  LM 
and N� in the order LM > N� where the strut diameter has a signi icantly higher in luence in 

comparison to N�. Lastly, as evident  rom Fig. 11b the cross-link angle NO was  ound to have a 

very low in luence on the structural integrity o the structure. This is not to say that NO had no 

in luence, however comparing the in luence o the other parameters, the e  ect o NO is smaller. 

3.2.4. Influence of design parameters on ���� 
When it comes to lateral strain, the parameter that is used to characterises the radial shrinkage 

o  the structure, all the design parameters were  ound to have a signi icant in luence as shown 

in Fig. 12. A combination o all three design parameters are required to obtain a targeted ����. 
Looking at the in luence o LM and N� as shown in Fig. 12a it can be seen that ���� is in luenced 

by both LM and N�, where the highest absolute value in strain is when N� is at the highest and 

LM is the smallest. However, when NO is introduced as shown in Fig. 12b, the per ormance o the 

structure can be seen to be dependent on the interaction between NO and LM. Here,  or the highest 

−����, it is also important that NO is somewhere between 150 and 170 degrees. Di  erent  rom 

what was observed in all the cases so  ar, Fig. 12c con irms that there is also a signi icant 

interaction between the parameters NO and N� where the best per ormance not only depends on 

the highest N� but also on a NO that is between 150 and 170. 

There ore, the in luence o  LM on the lateral strain varies with both N� and NO. This can be 

observed  rom the di  erence in the slope o the response sur ace with respect to LM at di  erent 

N� and N� as shown in Fig. 12a and 12b. When NO was varied the dependency o  lateral strain 

on N� was also a  ected as shown in Fig. 12c. However, it can be seen that LM has a higher 

in luence on the lateral strain  ollowed by N� and NO. This means that the interaction e  ect 

between the design parameters LM, N� and NO are all signi icant and need to be taken into 

consideration to design the most e  ective AX4 to achieve maximum lateral shrinkage  or the 

nasopharyngeal swab. 

The in luence o all three design parameters on elastic shrinkage also validates the design  ocus 

o this study and selection o the novel auxetic structure AX4. For example, the introduction o  

a new design component NO through the creation o AX4 allowed to achieve higher elastic strain 

along the radial direction in comparison to AX3. Looking at the order o  in luence, the most 

signi icant terms on ���� are the e  ects o LM and N�  ollowed by the interaction LMN� and NO in 

the order LM > N� > LMN� > NO > LMNO where the strut diameter has a signi icantly higher 

in luence in comparison to N� and NO. This means that the structure AX4 is not only suitable  or 

the swab head but can also be adopted  or structures that require a high radial strain. 
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Fig. 12. In luence o  the design parameters on the lateral strain stress showing (a) the e  ect o  LM  and N�  when NO  is  
constant,  (b)  the  e  ect  o   NO  on  LM  when  N�  is  constant  and  (c)  the  e  ect  o   NO  on  N�  when  LM  is  constant.  The  

comparison o  (a), (b), and (c) also reveals the interaction e  ects between the design parameters taking place.  

3.2.5.  Influence  of d esign  parameters  on   −� 
All the version derived  rom AX4 varying the design parameters M, �  and O  exhibited negative  

Poisson’s ratio (−�) which is critical  or this application. This validates the evolution o  AX4 as  

a suitable structure inspired by a re-entrant unit cell. The surrogate model shows (Fig. 13a) that  

when it comes to Poisson’s ratio, the key parameter is the auxetic angle is N�. The absolute value  

o   −�  can  be  seen  to  increase  linearly  when  N�  increased  as  shown  in  Fig.  13a.  Though  

comparatively smaller, the second most in luential parameter was  ound to be LM. Nevertheless,  

this is the  irst response  or the mechanical property o  the structure that is primarily driven by  

the auxetic angle and not the strut thickness. Accordingly, the highest value o  −�  was observed  

at the highest auxetic angle and highest strut diameter as shown in Fig. 13a.  

L N N

From  a  structural  mechanics  perspective,  Poisson’s  ratio  is  de ined  as  the  negative  ratio  o

transverse  to  axial  strain.  There ore,  to  exhibit  negative  Poisson’s  ratio,  the  material  must  b

allowed  to  laterally  shrink  under  axial  compression.  Further  to  the  shape  o   the  unit  cell,  th

amount  o   porosity  or  the  void  space  dictates  how  much  a structure  can  shrink.  In  this  view

increasing  the  angle  is  bene icial  as  this  allows  more  space   or  the  structure  to  shrink  an
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there ore  reach  a  higher  negative  Poisson’s  ratio.  Consequently,  it  is  clear  why  the  cross-link  

angle  has a minimal in luence as shown in Fig. 13b.  NO 

Fig. 13. In luence o  the design parameters on Poisson’s ratio showing (a) the e  ect o  LM  and N�  when NO  is const

and (b) shows the interaction e  ects o   and  when  is constant.  

ant 

NO LM N� 
On the other hand, increasing the strut diameter decreases the porosity, which is less conducive  

to  the  absolute  value  o   the  Poisson’s  ratio  in  the  negative  direction.  For  the  structure  under  

consideration, N�  has a higher signi icance in dictating the absolute value o  the Poisson’s ratio.  

The most signi icant terms  on −�  are the  irst-order e  ect o  N�   ollowed by LM. Consequently,  

the  order  o   in luence  o   the  geometrical  parameters  when  it  comes  to  the  Poisson’s  ratio  is  

N�>LM. The  e  ect  o  NO  was   ound  to  be  negligible   or  the  geometrical  range  considered  in  this  

study. When it comes to the auxetic values  or the swab heads studied, the range is comparable  

to  elastic  range  per ormance  exhibited  by  the  tubular  concepts  proposed  by  Ren  et  al.  [80,81].  

Overall,  it  clear  that  AX4  o  ers  new  possibilities   or  targeted  nasopharyngeal  swab  behaviour  

and properties at the same time allowing customisability, and scalability. Having established the  

interaction and in luence o  all the design parameters on the properties o  interest, the next step  

is  to  derive  the  most  optimal  parametric  combination  using  the surrogate model  to  design  the  

auxetic nasopharyngeal swab.  

3.3. Genera ion of  he op imised design  

3.3.1.  Problem  description  

While the in luence o  geometrical parameters on the per ormance AX4 has been characterised,  

the  optimum  combination  o   the  parametric values   or optimum  per ormance is  still  unknown.  

Accordingly, a problem description targeting the most important responses being investigated is  

required to identi y an optimum design. However, to do this, the commonly used single-objective  

optimisation  approach  is  inappropriate  as  multiple  responses  are  involved.  Consequently,  a  

multi-objective  description  o   the  optimisation  problem  is  conceived  to  identi y  an  optimum  

solution.  
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An optimum auxetic nasopharyngeal swab should be able to convert as much o the axial load 

into lateral shrinkage (−����) without plastic de ormation. In other words, the optimised 

structure should allow  or the highest −���� while exhibiting a stress ( � ) around 50 MPa. A 

balance o these two parameters will allow the swab head to elastically shrink exerting less stress 

on the surrounding tissue as it travels to the nasopharyngeal cavity, which reduces the patient 

discom ort. There ore, the objectives were to minimise −���� (maximise the absolute value) while 

maintaining  � close to 50 MPa to prevent  ailure. The design stress o 50 MPa was selected 

considering a  actor o sa ety o 1.4 at a tensile strength o 73 MPa. The resulting optimisation 

problem can be  ormulated as shown in Eq. (10): 

⎧=>�>?>�@ ���� = 7B(LM, N�, NO):: �. G  � = 50 =qr ::
⎨ �. G 0.1 ≤ LM ≤ 0.3 (10) : �. G 65 ≤ N� ≤ 85 ::: �. G 130 ≤ NO ≤ 180 ⎩

An optimisation problem that involves multiple objectives as listed in Eq. (10) can be solved 

using two methods. The  irst one is to investigate all the objectives independently and look  or 

an optimal solution generally re erred to as the ‘Pareto optimal solution’. The second method 

incorporates multiple objectives  unctions into a single cost objective  unction, which is a measure 

o its relative per ormance. This method uses a desirability approach to identi y a single solution 

to the optimisation problem. The second approach using the desirability criteria was the 

pre erred approach in this study as it allows  or  lexibility in weighting the objective  unctions 

at a relatively low computational cost. 

The optimisation is carried out using the response method called desirability as described by 

Myers et al. [82]. The method makes use o an objective  unction, s(t), called the desirability 

 unction. It re lects the desirable ranges  or each response (L>). The desirable ranges are  rom 

zero to one (least to most desirable, respectively). The simultaneous objective  unction is a 

geometric mean o all trans ormed responses as shown in Eq. (11): 

B 
(11) s = (LB ⋅ LC ⋅ … ⋅ L )B = vwLEx E=B 

where n is the number o responses in the measure. I any o the responses or  actors  all outside 

their desirability range, the overall  unction becomes zero. 

For simultaneous optimisation each response must have a low and high value assigned to each 

goal which is represented by Eq. (10) solved using the desirability approach where Fig. 14 shows 

the results as a  unction o  desirability objective concerning the design parameters considered. 

It appears that the optimal solution at the highest desirability (1.0) lies close to the maximum 
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auxetic angle (Fig. 14a-c) and at midway  or strut diameter (Fig. 14a-c) and cross link angle 

(Fig. 14b). As can be seen, there is not one but multiple optimal solutions that correspond to 

the desirability o  1 and one o  which is shown in Table 9. 
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Fig. 14. The desirability o  the optimum solution against the design variables showing (a) the e  ect o  strut diameter 

and the auxetic angle at a cross link angle o  130° (b) the e  ect o  strut diameter and the auxetic angle at a cross 

link angle o  155° and (c) the e  ect o  strut diameter and the auxetic angle at a cross link angle o  180°. A desirability 

contour o  0.0 and 1.0 re ers to the least and most optimum solution respectively that can be achieved between the 

geometrical ranges considered. 

Table 9. Optimal solution predicted by the surrogate model based on the Eq. (10). 

Number +, (mm) 12 (deg.) 15 (deg.) Desirabili y 

1 0.18 80 160 1.0 

Based on the predicted geometrical parameters, designs were developed, and numerical 

evaluation carried out as shown in Fig. 15. As listed in Table 10, the structural per ormance o  

the optimised design is very close to the design stress o  50 MPa. Besides, the de ormed shape 

o  the optimised design can be seen to allow  or a signi icant increase (2.7 times) in lateral 

shrinkage in comparison to the regular AX4 design. Overall, the results o  the optimised model 

in comparison to the surrogate model (Table 10) were in good agreement. 

The surrogate model underestimated the lateral strain by 7.8% and overestimated the von Mises 

stress by 4.1%. However, no changes in Poisson’s ratio and relative density were observed 

between the predictions carried out by the surrogate model in comparison to FEM. 

Consequently, the  indings show that the optimum design is pre erable and results in a much 

higher auxetic per ormance o  the nasopharyngeal swab. Although the re-entrant architecture 

 eatures a higher stress concentration e  ect, both the experimental and numerical analysis 

con irms that the optimised swab head can withstand a sa e load. Furthermore, the use o  von-

Mises stress as a response parameter in the optimisation algorithm also accounts  or the 

geometrical e  ects leading to stress concentration. 
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Using the optimised design, a representative example o a  ull auxetic nasopharyngeal swab that 

can be manu actured by 3D printing is shown in Fig. 15. The global dimensions o the swab are 

comparable to traditional nasopharyngeal swabs that are commercially available. Additional 

design  eature includes a notch to allow  or the user to easily break the swab to go into the 

transporter. Breaking the swab at the notch a ter use will also allow distinguishing between 

swabs that are used and new to avoid contamination. 

I  em  klmn(6-−o)  fghi (MPa)  p   ab 
 Surrogate  -4.9  52.22  -0.29  0.03 

FEM   -5.3  50.13  -0.29  0.03 

 % di  erence   7.8  4.1 -  -

  

  

 

  

  

  

   

 

 

Fig. 15. Per ormance o  the optimum auxetic swab and the representative printed sample.  

Table 10. Con irmation runs  or the optimum swab design.  

Although a potential concept has been established, the design requires  urther impro

achieve uni orm auxetic behaviour. This includes  urther evaluation o  the bending a

per ormance  in  addition  to  testing  the  e  ectiveness  in  swab  collection  itsel .  F

compression is not the only load experienced by the swab head and  retting/lateral 

involved  depending  on  both  the  usage  and  variation  in  the  nasal  cavity.  Howe

care ully evaluated various loading scenarios, compression was identi ied as the most

o  all. Accordingly, the proo  o  concept was developed giving primary consideration 

signi icant load case, which is compression.  

vements to 

nd twisting 

urthermore, 

loading are 

ver, having 

prominent 

to the most 

Overall, this research is not aimed at developing a  inal product, rather a  irst step in exa

the potential o  using auxetic designs to improve the existing concepts in nasopharyngeal 

mining 

swabs. 
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It is expected that the project will initiate new thinking which  ellow researchers can adapt and 

improve to develop  unctional biomedical devices. 

4. Conclusion 

The supply-chain disruption associated with COVID-19 lockdown has compelled to identi y 

alternative sources o  essential biomedical devices that can be manu actured on-demand. The 

restriction on the movement o the work orce means that there is a need  or innovation that can 

be conceived and manu actured digitally where 3D printing has an established advantage. There 

are also numerous reports o  swab shortages across Europe, USA, and Asia calling  or a time-

sensitive approach. As a response, this study puts  orward an open innovation  ramework to 

develop 3D printable nasopharyngeal swabs that can per orm in an auxetic nature. The auxetic 

approach is considered to develop a one size  its all swab that has the potential  or reducing 

patient discom ort by shrinking inward. This allows  or the swab head to navigate the nasal 

cavity by exerting considerably reduced stress on surrounding tissue as opposed to a regular 

swab. Accordingly, the results o  this study go well beyond the COVID-19 crisis and improve 

how nasopharyngeal swabs are conceived today. To achieve this various auxetic candidates were 

evaluated and a potential design designated AX4 was selected as it outper ormed all other 

designs  or its capacity  or lateral shrinkage. The subsequent parametric analysis revealed that 

the per ormance o the selected design was dependent on the geometrical parameters LM, N� and 

NO at a Poisson’s ratio range o -0.22 to -0.31 con irming auxeticity. Further analysis using the 

 inite element method in ormed by the surrogate model showed that the von Mises stress 

experienced by the structure was primarily in luenced by LM  ollowed by N�. For lateral shrinkage, 

the most signi icant terms were LM and N�  ollowed by the interaction e  ects o LMN�, NO in the 

order LM > N� > LMN� > NO > LMNO. Having captured these relationships using the surrogate 

model, a multi-objective optimisation was carried out to develop the most optimum design  or 

the swab. The most desirable solution with the highest lateral strain around a 50 MPa design 

stress was  ound to be at a LM, N� and NO o 0.18, 180°, and 160° respectively. The design stress 

o 50 MPa was selected at a  actor o sa ety o 1.4 to account  or material inconsistencies across 

manu acturers and machines around the world. The surrogate model developed in this study 

showed an accuracy o 92.2% in predicting ���� and 95.9%  or  �  or the multi-objective design 

problem. Overall, the study suggests that the lateral shrinkage o  the auxetic swabs can be 

maximised by the care ul selection o design parameters considering their interaction. Using the 

surrogate model developed in this study, manu acturers and research institutions can  urther 

improve the design and generate alternate prototypes i  necessary. As the pandemic evolves, 

various situations such as a second wave are likely to appear unpredictably were care ully 

conceived 3D printed products can achieve higher-order solutions. Although the  ocus was on 

developing an optimum auxetic nasopharyngeal swab, the design and analysis philosophy 

conceived in this study allows developing novel biomedical products using the auxetic concept 

that can be digitally transported and manu actured on demand. 
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5. Da a availabili y 

The data that support the  indings o  this study are available  rom the corresponding author 

upon reasonable request. 
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	1.In roduc ion 
	1.In roduc ion 
	Atthetimeofwritingthis article,morethan17.9million[1]peoplehavebeendiagnosedwith COVID-19acrosstheworld.Allofthesediagnoseswereconfirmedusingnasopharyngealswabs, whichisthereferencesamplingmethodrecommendedbyWHO[2].Thenasopharyngealswabs requiredforthecoronavirustestsaredifferentfromstandardcottonswabs;theyareusually15 cm long with a tip diameter of cm suitable to get to the nasopharynx as shown in Fig.1. According to the guidelines issued by the centre for disease control and prevention [3], the swabs must
	0.35-0.40 

	Nasal cavity Swab head Nasopharynx Throat 
	Fig.1.AschematicillustrationofthenasopharyngealswabtestingforcoronavirusadaptedfromBorresen[4]. 
	Therehavebeennumerousreportsregardingtheshortagesofnasopharyngealswabsrequiredfor sample collection associated with COVID-19 testing across many countries [5–7]. Anecdotal evidencesuggeststhattheseshortagesareexpectedtobecomeevenmorecriticalinthecoming months because of increased testing and global concerns over a COVID-19 second wave. The situationscanbefurtherworsenedduetosupplychaindisruptionrequiringcliniciansandlocal agencies to identify alternative sources for essential supplies such as test swabs. A 
	The key advantages of 3D printing essential supplies such as swabs go beyond meeting the currentshortageorforecasteddemand.Thecapabilitytodigitallytransportprintfilesoverthe internet means that these healthcare innovations can transcend supply chain disruption and reach the user. This would mean that key innovation in product design and print parameters canreachtheend-useralmostinstantlywithoutanydelay.Themultistepswabmanufacturing process, storage, and transport can be drastically simplified through print-
	importantlythewidespreadavailabilityof3Dprintersmeansthatiterativeinnovationinopen-sourcedesignscanhappenmoredrasticallythanclosed-cycleproductdevelopment. 
	This research, therefore, is the first step in starting an open and collaborative process to drastically improve the existing concepts in nasopharyngeal swabs at the interface of digital fabricationandmechanicalmeta-biomaterials.Aspartofthisprocess,theresearchdevelopsthe first auxetic nasopharyngeal swab that can be 3D printed in a biocompatible material, where the innovation pipeline is kept open allowing for collective innovation. A biocompatible photopolymer(FLSGAM01)developedby‘Formlabs’isthebasemateria
	According to Kolken and Zadpoor [8], rationally designed complex, arbitrary, and meta-structures enabled by the advances in 3D printing techniques can offer numerous benefits in terms oftheirmechanicalperformance.Examplesofthis includetheworkbyGaoet al. where the performance of cylindrical double-arrow [9,10] and double-V [11] honeycomb auxetic structures where demonstrated. Mechanical metamaterials [12–16] exhibit unusual properties allowingforadvancedfunctionalities,withapplicationsrangingfrombiomedicine[
	Scarpa et al. [30] used thefiniteelementmethodto investigatethe mechanical performance of auxetictubularstructurestoshowthedependenceofthecurvature‐bendingmomentversusthe Poisson’s ratio of the core. Later, Karnessis and Burriesci [31] investigated the collapse under purebendingofauxetictubes,withtheaimtoidentifydesignstrategiessuitableforimproving their kinking response. More recent studies includethe onefrom Lee et al. [26] and Yang and Ma [32] where different types of auxetic structures were investigated
	Auxetic mechanical metamaterials are identified by anegative Poisson’s ratio (−)which is a direct consequence of their geometrical architecture. Poisson’s ratio is a mechanical property thatrepresentsthelateralbehaviourofmaterialsunderanaxialload.Incontrasttotraditional materials with positive Poisson’s ratio, auxetic materials have −, translated to unilateral shrinkage. This means that if such a concept can be successfully applied to nasopharyngeal swabs, the swab can shrink under axial load to navigate ea
	Theresearchisdirectedtowardsaprocess-structure–propertyrelationshipintotwomainclasses of auxetic metamaterials, namely, chiral [35,36], and re-entrant [37–39] structures. While the deformationmechanismsoftheabove-mentionedtypesofstructuresareauxetic,theirsuitability and parametric combinations to be used as nasopharyngeal swabs are unknown. Furthermore, 
	Theresearchisdirectedtowardsaprocess-structure–propertyrelationshipintotwomainclasses of auxetic metamaterials, namely, chiral [35,36], and re-entrant [37–39] structures. While the deformationmechanismsoftheabove-mentionedtypesofstructuresareauxetic,theirsuitability and parametric combinations to be used as nasopharyngeal swabs are unknown. Furthermore, 
	the influence of the 3D printing process on the structure-property relationship at the sub-millimetre are also required to be analysed [40]. While the development of such astructureat the sub-millimetre level is highly challenging through traditional manufacturing, 3D printing makesitaccessible.Thestudy,therefore,attemptsthedevelopment,analysis,andoptimisation of3Dprintablenasopharyngealswabsthatcanexhibitauxeticbehaviourforthefirsttime.The effect of various geometrical parameters on the performance of thes
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	2.Ma erialsandme hods 
	2.Ma erialsandme hods 
	2.1.Swabheaddesignscopeandfocus 
	The focus of the project was on developing anasopharyngeal swab head that exhibits auxetic behaviourandcanbe3Dprinted.Thefirststepwastoidentifyasuitableunitcellforthelattice structuretoestablishauxeticbehaviourfromwhichasuitablevariantcanbederivedforfurther optimisation.Thescopeofthis unitcellselectionwas basedonthemechanics ofmetamaterial concepts [41–43] that adds new functionalities such as − broadening the behaviour of lattice structures. When atraditional material is compressed, expansion takes place a
	ThePoisson’sratioofatraditionalmicro-latticesisthereforepositive.However,whenamaterial deviatesfromthenormandgivesrisetoanegativePoisson’sratio(−),suchstructurescanbe classified auxetic [44–48]. Micro-lattices that exhibit − are increasingly being sought due to theirpeculiareffectswhichoftencannotbeachievedthroughtraditionallattices[49–52].These effectsthentranslatetotheirtremendouspotentialinapplicationssuchastheonesexploresin thisstudy.Thoughthereareexceptions,widelystudied− structuresfallunderoneofthetwo
	3.5 mm 
	mm 15.3 
	AX1 
	Figure
	AX2 
	AX3 
	AX4 
	RE1 
	Fig. 2. Different designs analysed to identify their suitability to be used as the foundation for the auxetic nasopharyngealswabhead.ThedesignsAX1toAX4 areauxeticvariantswhileRE1isaregulargeometrydesigned asacontrolspecimenforcomparativestudy. 
	A total of four different auxetic lattices (AX1 to AX4) and one regular (RE1) lattice are investigated in this study (Fig. 2). Out of the four auxetic designs, the first one (AX1) was inspiredbychiralhelixstructures.AlthoughtherestofdesignsAX2,AX3andAX4wereinspired bythetraditionalre-entrantarchitecture,AX2iscommonlyreferredtoasthearrowheaddesign duetoitsdistinctshape.AX3andAX4bothsharefundamentalbowtiere-entrantarchitecture with the latter featuring an angled cross-link resulting in a novel architecture. T
	2.2.Numericalmodelling 
	2.2.Numericalmodelling 
	StructuralperformanceanalysisofthedesignswascarriedoutusingtheFiniteElementMethod (FEM). The solver of choice was Ansys non-linear mechanical to mimic a quasi-static experimental compression test. The compression platens were modelled as rigid bodies with a diameter and thickness of 5 mm and 0.5 mm respectively as shown in Fig. 3. The boundary conditionsforbottomplatenswereassignedfixedinalldirectionsanda1Nverticalloadramped at100substeps(nsub)wasappliedalongthe- (compression)direction.Forpatientsafetyand t
	StructuralperformanceanalysisofthedesignswascarriedoutusingtheFiniteElementMethod (FEM). The solver of choice was Ansys non-linear mechanical to mimic a quasi-static experimental compression test. The compression platens were modelled as rigid bodies with a diameter and thickness of 5 mm and 0.5 mm respectively as shown in Fig. 3. The boundary conditionsforbottomplatenswereassignedfixedinalldirectionsanda1Nverticalloadramped at100substeps(nsub)wasappliedalongthe- (compression)direction.Forpatientsafetyand t
	higher loads, especially for designs featuring thin walls may cause microtears along the nasopharynx causingaburningsensation,pain,and theriskofinfection.The contact between the rigid body platens and the swab head was modelled as frictionless for computational efficiency. 

	Mesh resolution  = −1  ( 100) Rigid body, = 0 Fixed rigid body,, = 0 4 2 3 1 l j k i o n m r q p 10 node tetrahedral element (a) (b) (c) Joints are modelled as continuum body 
	Fig. 3.Finiteelement numericalmodel showing (a) boundaryconditions (b) mesh resolution and (c)element type usedtopredictthemechanicalbehaviourofthelatticestructuresconsideredforswabhead. 
	Thestructuralcomponentsweremodelledusingasolidtetrahedralelementaltype(SOLID187) with aBilinearIsotropicStrainHardening(BISO)material model.A3Dsolid tetrahedral was theelementofchoiceaslower-orderelementssuchasbeamofferlessaccuracy.Forthegeometries under consideration, it was important to study both the local stress concentration effects at jointsinadditiontotheglobaldeformationofthelattices.Theelementwasdefinedby10nodes having three degrees of freedom (DOF) at each node: translations in the nodal  , y, and
	The BISO material model was the most appropriate for this study hence the exact plastic behaviorofthestructureisnotofinterestinthisstudy.TheBISOmodelrepresentsthematerial behavior using a bilinear stress-strain (−) curve where the initial slope is described using Young’smodulus(E).Asthefocusofthesimulationislimitedtotheelasticperformanceofthe structure,theBISO− curveisrepresentedperfectlyplasticaftertheyieldstrength()of the material. Basedon the numerical results, thelateral strain ()to characterisethe radi
	The BISO material model was the most appropriate for this study hence the exact plastic behaviorofthestructureisnotofinterestinthisstudy.TheBISOmodelrepresentsthematerial behavior using a bilinear stress-strain (−) curve where the initial slope is described using Young’smodulus(E).Asthefocusofthesimulationislimitedtotheelasticperformanceofthe structure,theBISO− curveisrepresentedperfectlyplasticaftertheyieldstrength()of the material. Basedon the numerical results, thelateral strain ()to characterisethe radi
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	this case areand  .The strains were calculated independently for all the six lattice layers and an average was taken to characterize the overall shrinkage. The normalised lateral strain ()withrespecttorelativedensitywasthenevaluatedbydividingwiththerespective
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	and converting it into apercentage. The relativedensity of the structures was classified using themethoddescribedinpreviousstudies[64,65].Lastly,thePoisson’sratiowascalculatedusing Eq.(1): 
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	(a) (b) 5 mm 2 mm 
	Fig.4.Samplesusedformechanicaltestswhere(a)showsthepost-curedtensiletestsamplesand(b)sampleswab headusedfornumericalvalidation. 
	Although numerous biocompatible polymers such as Polyjet exists [66], the choice of material selection for the study was informed by three primary criteria: (i)biocompatibility, (ii) accessibility, and (iii)affordability. During the initial discussion with academics and industry specialists,itbecameapparentthatboththe3Dprintingtechniqueandthematerialshouldbe both low cost and accessible to be adopted across the globe. Consequently, the decision was taken to use the globally used stereolithography (SLA) tech
	Table1.MaterialpropertiesofthebiocompatiblephotopolymerFLSGAM01. 
	Ma erialproper y Elasticmodulus( ) Yieldstrength () Poisson’sratio() Density() 
	Ma erialproper y Elasticmodulus( ) Yieldstrength () Poisson’sratio() Density() 
	Ma erialproper y Elasticmodulus( ) Yieldstrength () Poisson’sratio() Density() 
	Value 2.9(GPa) 73(MPa) 0.3 1250(kg/m3) 
	Compliance/specifica ion 

	Disinfectioncompatibility 
	Disinfectioncompatibility 
	Chemical Steam 
	70%IsopropylAlcoholfor5minutes Autoclaveat134°Cat20min.or121°Cat30min. 

	TR
	Notcytotoxic 
	ENISO10993-5:2009 

	Biocompatibility 
	Biocompatibility 
	Non-irritant 
	ISO10993-10:2010/(R)2014 

	TR
	Non-sensitizer 


	All material properties used for the structures are as summarised in Table 1. The material propertieswereevaluatedfrompost-curedtensiletestspecimens(Fig.4a)3Dprintedina‘Form2’ machine under identical conditions to that used to print the swab heads for validation (Fig.4b). The material after printing was washed in a ‘Form Wash’ for 20 minutes in 99% isopropylalcohol.Thespecimenswerethencuredat60℃for30minutesina‘FormCure’.The accuracyofthenumericalmodelwasfurthervalidatedbycomparingtheloadtofailureobserved be
	-

	Table2.OptimumelementalandnodaldistributionassociatedwiththeconvergedstructuralFEmodel. 
	Parame ers 
	Parame ers 
	Parame ers 
	AX1 
	AX2 
	Swabdesign AX3 
	AX4 
	RE1 

	Elements 
	Elements 
	86888 
	61923 
	201863 
	41537 
	58782 

	Nodes 
	Nodes 
	169837 
	133271 
	316460 
	98374 
	125873 


	Mesh refinements were carried out using amesh sensitivity analysis resulting in the optimum numberoffiniteelementnodesandelementsas listedinTable2ataminimum edgelengthof 3.0712e-3mm.Themeshsensitivityanalysiswascarriedoutusingthestrainenergyconvergence criterionuntiltherewasnovariationintheaveragestrainofelements.Strainenergywasdeemed appropriate as stress singularities do not significantly influence the average strain energy of elements.Consequently,theminimumedgelengthwasdeterminedasthesmallestelementsize
	Considerationwasalsogiventonon-lineargeometricalbehaviouroftheauxeticdesigntocapture accommodatethis, the model uses thesolidtetrahedron elementthat features large strain capabilities. Small deformation and strain analyses assume that displacements are small enough that the resulting stiffness changes are insignificant, which is not the case in this analysis. Therefore, a large strain formulation is used to account for the stiffnesschangesthatresultfromchangesinanelement’sshapeandorientation.Thisisfurther e
	arealisticbehaviour.To 

	Before each solution, the Newton-Raphson method evaluates the out-of-balance load vector, which is the difference between the restoring forces (the loads corresponding to the element stresses)andtheappliedloads. Theprogram thenperforms alinearsolution, using theout-of-balance loads, and checks for convergence. If convergence criteria are not satisfied, the out-of-balance load vector is re-evaluated, the stiffness matrix is updated, and a new solution is obtained.This iterativeprocedurecontinuesuntil theprob
	-

	enhancementandrecoveryfeatures,suchaslinesearch,automaticloadstepping,andbisection, werealsoactivatedtohelptheproblemconvergeinacomputationallyefficientmanner. 
	Force (N) 
	5 4 3 2 1 0 
	FEA EXP 
	0.0 0.5 1.0 1.5 2.0 2.5 3.0 
	0.0 0.5 1.0 1.5 2.0 2.5 3.0 


	Displacement (mm) 
	Fig.5.Comparisonbetweenexperimentallyandnumericallymeasuredload-deflectiondataformodelvalidation. Table3.Finiteelementmodelvalidation. 
	I em 
	I em 
	I em 
	AX4( = . , = , = ) 

	TR
	Yieldforce(N) 
	Peakforce(N) 

	Validationexperiment 
	Validationexperiment 
	3.27 
	4.09 

	FEA 
	FEA 
	2.41 
	4.25 

	%difference 
	%difference 
	4.30% 
	3.87% 


	The validation of the finite element model was carried out by comparing the numerical predictions with experimentally measured force-displacement (−) curve of the swab heads showninFig.4b.Fig.5showsthatthenumericalmodeliscapableofpredictingboththeelastic andplasticbehaviouroftheswabheadsbeinganalysed.Thefiniteelementelasticdeformation canbeseentocloselyfollowtheexperimentaltrend.Inbothcases,failurewasobservedthrough barrel-shaped shrinking followed by buckling. Comparing the parametric values as shown in % 
	Table3showsthattheFEmodeloverestimatestheyieldandpeakforcesby4.30%and3.87


	2.3.Mul i-objec iveop imisa ion 
	2.3.Mul i-objec iveop imisa ion 
	2.3.1. Formulation of the optimisation problem 
	2.3.1. Formulation of the optimisation problem 
	Generally, for a multi-objective optimisation problem, the relationship between the variables associatedwiththedesignandtheobjectivefunctioncanberepresentedusingEq.(2): 
	 () =[(),(),……,()]
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	where = (,,…,) isthevectorof designvariables,andarethelowerandupper limitsofthedesignvariables,respectivelyand() istheobjectivefunction.Afterstudyingall thecandidatedesignsasshowninFig.2andselectingthebestauxeticdesigntobeusedasthe foundationfortheswabhead.Thedesignmustbeoptimisedbyidentifyingthebestgeometrical parameters to achieve the targeted properties of interests (responses). These responses are the characteristics that are considered most favourable for the problem for which the design is requiredtob
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	Forthebestauxeticswab,theoptimaldesignistheonethathastheidealgeometricaldimensions to achieve the highest shrinkage while exhibiting safe stress. Understanding the relationship betweentheseresponsesandthedesignparameterswillallowforthegenerationofanoptimised result.Basedontheauxeticlatticeselected,thegeometricalparameterswereselectedasdesign variableswhilemaximumelasticlateralstrain(−)andvonMissesstressasdesignresponses (). These two responses were selected as the focus of the project is to create 3D printa
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	2.3.2. Surrogate modelling 
	2.3.2. Surrogate modelling 
	To generate the solution for the optimisation problem as represented in Eq. (1), the design parameters must be linked to the responses first. This is done through the development of a surrogate model, which uses response surfaces to characterise the influence of geometrical parameters and their interaction on the responses of interest. The surrogate model employs mathematicalandstatisticaltechniquesthatarebasedonthefitofempiricalmodelstonumerical data. This is done byemployingpolynomial functions to describ
	Numerous variables can affect the behaviour of the structure being studied; however, it is unfeasible to identify and control contributions from each one. Therefore, it was necessary to select those variables that allow for major effects on auxetic behaviour, which are the strut diameter(),auxeticangle()andcrosslinkangle().Accordingly,themodelconsideredin this study is represented using four responses namely the lateral strain (), maximum von Misesstress(),Poisson’sratio()andrelativedensity().Byfittingthesi
	Numerous variables can affect the behaviour of the structure being studied; however, it is unfeasible to identify and control contributions from each one. Therefore, it was necessary to select those variables that allow for major effects on auxetic behaviour, which are the strut diameter(),auxeticangle()andcrosslinkangle().Accordingly,themodelconsideredin this study is represented using four responses namely the lateral strain (), maximum von Misesstress(),Poisson’sratio()andrelativedensity().Byfittingthesi
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	considered for the development of the surrogate model and obtaining the optimal design is summarisedinFig.6. 

	Selection of design variables (, and ) and associated limits Generation of sampling points using Box– Behnken design Finite element simulation of all the sampling points Add additional sampling points to improve accuracy Surrogate model accurate? Construction of response surface models for design responses ,  , , and  Desirability approach Predict the influence of the design variables on the objective responses Optimum design Yes No 
	Fig.6.Flowchartoftheoptimisationprocessusingthedesirabilityapproach. 
	The surrogate model was developed using the Box–Behnken response surface modelling technique. Box-Behnken designs are used to generate accurate response surfaces using fewer required runs than a normal factorial technique [70]. Box–Behnken and the central composite techniques used in previous work [71] identify runs required for developing response surface models.Ingeneral,theBox-Behnkendesignusesthetwelvemiddleedgenodesandthreecentre nodes to fit apolynomial equation. Box-Behnkendesigns place points on the
	Forthisstudy,eachfactorisplacedatoneofthreeequallyspacedvalues.Thedesignissufficient to fit aquadraticmodel, which includes square and interaction effects between factors. In this regardtheratioofthenumberofsimulationpointstothenumberofcoefficientsinthequadratic modelis reasonable.Whenitcomes to structuralmechanics,oftenacertainrelationshipexists betweenoutput()anddesignvariables()whereamodelcanbewrittenasshowninEq.(3): 
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	where  represents the error associated with the response . Usually, a second-order model is usedinresponsesurfacesurrogatemodellingrepresentedbyEq.(4): 
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	where the  coefficients are calculated using the least-squares method. The response surface surrogatemodel canthenbe usedto findvalues of theresponses (and)that result in optimised multi-objective response or to discover what values of  will satisfy the targeted requirements(pointprediction). 
	 
	 





	3.Resul sanddiscussion 
	3.Resul sanddiscussion 
	3.1.Selec ionofasui ableauxe icdesign 
	3.1.Selec ionofasui ableauxe icdesign 
	Using thenumericalmodel, fourauxeticcandidates(AX1-4)wereevaluatedfortheirpotential tobeusedasthefoundationfortheswabhead.TheregulardesignRE1wasconceivedtoactas abenchmarktodemonstratecomparativebehaviourbetweenauxeticandregulardesign.Foran effectivedesignoftheauxeticswabhead,thebalancebetweenaxialshrinkageandstrengthare crucial factors, which must be considered. The properties and associated responses for all the designsaresummarisedinTable4.Asevidentfromtheporosityrange,thematerialdistribution betweenthed
	Table4.Propertiesassociatedwithallthelatticecandidatesthatwerebeingevaluatedtodesigntheswabhead. 
	Proper y 
	Proper y 
	Proper y 
	AX1 
	AX2 
	AX3 
	AX4 
	RE1 

	 
	 
	0.121 
	0.138 
	0.084 
	0.088 
	0.106 

	 (vol. %) 
	 (vol. %) 
	87.87 
	86.23 
	91.58 
	91.20 
	89.43 

	(MPa) (×10−) 
	(MPa) (×10−) 
	32.85 -0.29 -0.12 
	12.13 -0.60 -0.23 
	13.27 -1.08 -0.29 
	28.45 -1.43 -0.29 
	19.87 0.86 0.27 


	Twoprimaryparametersnamelylateralstrain()andvonMisesstress()werechosento evaluate the performance of the cellular structures. While average lateral strain allowed to characterise the overall radial shrinkage, von Mises stress evaluated the structural integrity. Consequently,usingthesetwoparametersthemostsuitabledesignthatdemonstrateabalance between shrinkage and strength can be evaluated. Considering the load-bearing capacity of a traditional nasopharyngeal swab, which failed at 860±50 mN, a compressive loa
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	LookingattheinfluenceofrelativedensityonthestructuralperformanceasshowninFig.7,it is clear that stresses are not dictated by , instead, by the shape of the unit cells. This is consistent with previous studies on microporous cellular structures where different unit cell shapeswereevaluatedunderidenticalporosityandloading[72].Nevertheless,fortheapplication 
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	considered in this study, the capacity for lateral shrinkage of the structures was of prime importance. 
	0 5 10 15 20 25 30 35 Von Mises (MPa) AX3 AX4 RE1 AX1 AX2 -0.18 -0.12 -0.06 0 0.06 0.12 0.18 Normalised lateral strain (%) RE1 AX4 AX3 AX2 AX1 
	0.07 
	0.07 
	0.07 
	0.09 
	0.11 
	0.13 
	0.15 
	0.07 
	0.09 
	0.11 
	0.13 
	0.15 

	TR
	Relative density 
	Relative density 

	TR
	(a) 
	(b) 


	Fig.7.Performanceofthelatticedesignsconsideredshowing(a)thevonMisesstressobservedand(b)thenormalised lateralstrain. 
	Thoughsmall,todisregardthevariabilityofferedbytheporositybetweenthedesigns,thelateral 
	strain was normalised () as shown in Fig. 7b. All the auxetic designs (AX1-4) exhibited a negative lateral strain (signifying radial shrinkage) with the regular design (RE1) showing a positivestrain(expansion)asdemonstratedinFig.8.Thehighestlateralshrinkagewasexhibited by AX4, a23% improvement in comparison toAX3. Even though bothofthesedesigns (AX3 andAX4)arebasedonthetraditionalre-entrantarchitecture[73],AX4allowsforanincreased bend dominance as a result of the chevron cross-link which is the reason for t
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	Theincreasedbenddominanceofthemodifiedre-entrantarchitecture(AX4)canbeconfirmed also by studying theassociated stress profileas shown in Fig. 8. When compared toAX3, the re-entrant beams can be seen to be experiencing comparatively higher stress that results in a higherlateralstrain.However,whenitcomestothedesignthatisexperiencingthehigheststress that is AX1, the nature of the design means that most of the associated strain is being transmitted axially. This was not surprising as the chiral nature of the un
	Max 12.0 10.5 09.0 07.5 06.0 04.5 03.0 01.5 Min 0 (MPa) Deformed Undeformed 
	AX1 AX2 AX3 AX4 RE1 
	Fig.8.VonMisesstressprofileandelasticdeformationassociatedwiththecandidatestestedfortheswabhead. 
	Therefore,theresultssofarestablishedthatthegeometryofthecellularstructureshasahigher influenceonmechanicalperformance,andanenhancedunderstandingofthestressdistribution isrequiredtoderiveeffectivedesignguidelines.Forthestructuresinvestigated,everyaspectof themechanicalperformanceandassociatedfailurearedependentontheconcentrationofstress facilitated by the geometry as opposed to relative density [75]. Overall, considering that AX4 exhibited the highest lateral shrinkage while meeting the structural integrity 
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	3.2.Influenceofdesignparame ers 
	3.2.Influenceofdesignparame ers 
	3.2.1. Generation of the surrogate model 
	3.2.1. Generation of the surrogate model 
	AfterselectingAX4toactasthepotentialdesigncandidateforthebestauxeticswabhead;the questionbecomes‘whatoptimumcombinationsofthedesignparameterswillresultinthemost favourableresponse?’.Toanswerthisquestion,thesurrogatemodelisgeneratedtostudyboth the interaction effects and order of influence of the design variables on the mechanical performance.Whiletheanalysissofarwasfocusedonestablishingasuitableauxeticdesign,the roleofthesurrogatemodelistoidentifytheinteractioneffectsofthegeometricvariablesonthe performance
	Table5.Designparametersselectedforthesurrogatemodel. 
	Design Variable Code -1 0 1 
	(mm) A 0.1 0.2 0.3 (deg.) B 65 75 85 (deg.) C 130 155 180 
	  
	 
	 
	 

	For a systematic analysis, three geometrical parameters of AX4 that preserved the auxetic responsewereidentified,namelythestrutdiameter(), auxeticangle()andcrosslinkangle () as listed in Table 5. Consideration was also given when selecting the maximum and minimum limits of these geometrical parameters to make sure the overall shape remains unaffected. The surrogate model is then used to study both the influence and interaction of theseparametersandtheirsignificanceonfourresponses thatcharacterisestheperform
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	Table6.Designmatrixinformingthesurrogatemodel. 
	Fac or1 A= (mm) 
	Fac or1 A= (mm) 
	Fac or1 A= (mm) 
	Fac or2 B= (deg.) 
	Fac or3 C= (deg.) 
	 
	 
	Responses (MPa) (10−) 
	 

	0.3 
	0.3 
	75 
	130 
	0.084 
	14.72 
	-1.32 
	-0.29 

	0.1 
	0.1 
	85 
	155 
	0.011 
	134.44 
	-4.80 
	-0.30 

	0.1 
	0.1 
	65 
	155 
	0.012 
	324.46 
	-2.63 
	-0.22 

	0.2 
	0.2 
	65 
	130 
	0.042 
	78.07 
	-2.41 
	-0.25 

	0.3 
	0.3 
	85 
	155 
	0.080 
	7.83 
	-1.83 
	-0.31 

	0.1 
	0.1 
	75 
	180 
	0.011 
	271.02 
	-2.76 
	-0.30 

	0.2 
	0.2 
	75 
	155 
	0.039 
	52.37 
	-4.45 
	-0.28 

	0.2 
	0.2 
	75 
	155 
	0.039 
	52.37 
	-4.45 
	-0.28 

	0.2 
	0.2 
	75 
	155 
	0.039 
	52.37 
	-4.45 
	-0.28 

	0.1 
	0.1 
	75 
	130 
	0.011 
	278.04 
	-2.69 
	-0.29 

	0.3 
	0.3 
	75 
	180 
	0.082 
	14.25 
	-1.33 
	-0.29 

	0.3 
	0.3 
	65 
	155 
	0.086 
	17.49 
	-1.27 
	-0.29 

	0.2 
	0.2 
	75 
	155 
	0.039 
	52.37 
	-4.45 
	-0.28 

	0.2 
	0.2 
	85 
	180 
	0.038 
	22.25 
	-4.21 
	-0.30 

	0.2 
	0.2 
	65 
	180 
	0.041 
	85.23 
	-2.41 
	-0.25 

	0.2 
	0.2 
	75 
	155 
	0.039 
	52.37 
	-4.45 
	-0.28 

	0.2 
	0.2 
	85 
	130 
	0.038 
	21.64 
	-3.75 
	-0.30 


	Before using the surrogate model for further analysis, the accuracy of the model was characterisedusingtheanalysisofvariance(ANOVA).Oncethemodelwasconfirmedvalid,it was used to generate response surfaces (RS), that showed the relationship between the geometrical parameters (, , ) on the responses (, , , ) characterising the mechanical properties. The surrogate model developedwas based on theBox–Behnkenhigher-order response surface methodology that represents the variables of interest as independent factorsa
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	Design variants of AX4 that met each of the factorial combinations dictate by the sampling pointsweregenerated.Finiteelementanalysiswasthencarriedoutoneachofthedesignvariants and the responses −, , − and were evaluated as listed in Table 6. The best-fit 
	Design variants of AX4 that met each of the factorial combinations dictate by the sampling pointsweregenerated.Finiteelementanalysiswasthencarriedoutoneachofthedesignvariants and the responses −, , − and were evaluated as listed in Table 6. The best-fit 
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	indicators characterising the accuracy of the surrogate model revealed that and − can be characterised using linear models listed in Eq. (5) and (6) respectively. On the other hand, effectivepredictionofandrequiresquadraticmodelsaslistedinEq.(7)and(8)which impliessignificantinteractioneffects. 
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	(8) 

	P
	10
	 

	As shown in Table 7, ANOVA can be used to represent the accuracy of the model, which are the probability (p-value), coefficient of determination R, Adjusted R, Predicted R, and Adequateprecision.Theresults showthatall modelsfeaturesignificantF-values andverylow p-values,whicharethemostcommondenominatordemonstratingthatallmodelsarevalidwith negligiblenoise[76]. 
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	Table7.Analysisofvarianceshowingthesignificanceandqualityofthesurrogatemodelsdeveloped. 
	S a is icalmeasuremen s 
	S a is icalmeasuremen s 
	S a is icalmeasuremen s 

	Model 
	Model 
	F-value 
	p-value 
	R2 
	Adj-R2 
	Pre-R2 
	Adeq-precision 

	 
	 
	167.13 
	<0.0001 
	0.9747 
	0.9689 
	0.9540 
	34.1431 

	 
	 
	71.72 
	<0.0001 
	0.9893 
	0.9755 
	0.8283 
	26.9415 

	 
	 
	60.95 
	<0.0001 
	0.9874 
	0.9712 
	0.7984 
	21.4362 

	 
	 
	9.07 
	0.0017 
	0.6767 
	0.6021 
	0.3287 
	9.5297 


	Ingeneral, models withaprobability (p)valueof lessthan0.05signifies thatmodel terms are significant[77].Thisincombinationwithahigherthan4adequateprecisionratiosshows that the surrogate model has insignificant noise [78]. It can also beseen that allmodel terms show high R(>0.6) in addition to an excellent agreement between the predicted and adjusted R, whichareallcommonlyusedcredentialsindicatingthequalityofthesurrogatemodel.Overall, theanalysisofvarianceshowsthatallthefourmodelsaresignificantandcanbeusedtom
	Ingeneral, models withaprobability (p)valueof lessthan0.05signifies thatmodel terms are significant[77].Thisincombinationwithahigherthan4adequateprecisionratiosshows that the surrogate model has insignificant noise [78]. It can also beseen that allmodel terms show high R(>0.6) in addition to an excellent agreement between the predicted and adjusted R, whichareallcommonlyusedcredentialsindicatingthequalityofthesurrogatemodel.Overall, theanalysisofvarianceshowsthatallthefourmodelsaresignificantandcanbeusedtom
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	follow the numerical results. The comparatively small residuals as presented in Table 8 also showsthatthemodelsarevalid.ThismeansthatEq.(4-7)adequatelyrepresentstherelationship betweenthegeometricalvariablesandtheresponses. 

	Although small, the agreement for Poisson’s ratio at low thicknesses and high auxetic angles werefoundtodeviatethefurthestfromthepredictedperformance.Thiswasduetothebuckling effects that were more prominent at lower strut thicknesses (0.1-0.2 mm) and higher auxetic angle(75-85°).SincethePoisson’sratioconsidersboththeaxialandradialstrains,theseeffects hadahighereffectshowingaslightdeviationfromanotherwiseidealtrend.Nevertheless,itcan beseenfromTable7thatallthestatisticalparameterscommonlyusedtoevaluatethequa
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	Fig. 9.Comparison between surrogate and finite element predictions for (a) relative density, (b) von Mises stress, (c)lateralstrain,and(d)Poisson’sratiooftheauxeticswabhead. 
	Table8.Residualsfortheresponsesurfacemodelsdeveloped. 
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	0.0045 
	0.0045 
	-08.91 
	-0.2388 
	-0.0018 

	0.0054 
	0.0054 
	-20.85 
	-0.1400 
	0.0001 

	0.0028 
	0.0028 
	-00.78 
	-0.2425 
	0.0251 

	-0.0035 
	-0.0035 
	-11.94 
	0.0987 
	0.0106 

	0.0026 
	0.0026 
	00.78 
	0.2425 
	0.0077 

	0.0045 
	0.0045 
	08.91 
	0.2387 
	-0.0241 

	-0.0039 
	-0.0039 
	00.00 
	0.0000 
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	-0.0039 
	-0.0039 
	00.00 
	0.0000 
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	-0.0039 
	-0.0039 
	00.00 
	0.0000 
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	0.0037 
	0.0037 
	12.72 
	0.1438 
	-0.0203 

	0.0036 
	0.0036 
	-12.72 
	-0.1438 
	0.0016 
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	20.85 
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	-0.0268 

	-0.0039 
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	0.0037 
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	-0.0039 
	-0.0039 
	00.00 
	0.0000 
	0.0031 

	-0.0033 
	-0.0033 
	08.13 
	-0.0038 
	0.0008 


	3.2.2. Influence of design parameters on 
	3.2.2. Influence of design parameters on 
	 

	Fig.10showsthattherelativedensityofAX4isprimarilydependentonthestrutdiameter(Fig. 10a) with very small and almost no influence from auxetic and cross link angles respectively (Fig. 10b). The dependency of on is also linear with the lowest and highest amount of material withinthestructures relatingto thelowestandhighestrespectively.Thisresponse is logical as thekeyparametermodulatingtheamountofmaterial withinthestructures is the strutthickness. 
	 
	 
	 

	0.10 0.08 0.06 0.04 0.02 0.00 85 81 77 69 73 65 0.30 0.26 0.22 0.18 0.14 0.10     
	0.10 0.08 0.06 0.04 0.02 0.00 85 81 77 69 73 65 180 170 160 150 140 130     
	(a) (b) 
	Fig. 10.Influence of the design parameters on the relative density showing (a) the effect of  and  when  is constantand(b)theinteractioneffectsofandwhenisconstant. 
	 
	 
	 

	Neither the variation in or can introduce large changes in the amount of material in comparison to , which was expected due to the overall geometry. The limited interaction 
	Neither the variation in or can introduce large changes in the amount of material in comparison to , which was expected due to the overall geometry. The limited interaction 
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	between the design parameters can be further validated using Fig. 10b, where the trend in performancewithvaryingandwhilekeepingconstantisnotaffected.Thisresultsinan almostflatperformanceslope(Fig.10b)resultinginsimilardespitethechangesinor. Therefore,forAX4,onecanonlymakesubstantialchangestotherelativedensityofthestructure bychanging.Overall,themostsignificanttermsonarethefirst-ordereffectsof. 
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	3.2.3. Influence of design parameters on 
	3.2.3. Influence of design parameters on 
	 

	Fig. 11a shows the influence of the strut diameter and auxetic angle on the von Mises stress experiencedbythestructure.Ascanbeseen,asthestrutdiameterapproachesthelowestlimit of 0.1 mm, the structure is plastically deforming as the von Misses stress has well passed the yield strength of the material. This was expected and does not skew the lateral strain and Poisson’s ratio calculations as they are evaluated from the elastic range of the structure. Furthermore, vonMises stress itself is composed ofprincipal 
	Itcanbeseenthatisinfluencednotonlybyvariationsinbutalsoby.Furthermore, the variation in thestresses follows anon-linearpattern, wherethe stress increases when both thestrutdiameterandauxeticangledecreases.Anobservationthatisgenerallyassociatedwith auxeticlatticestructures[71,79]irrespectiveofthematerial.However,differentfromwhatwas observed in the case of , the interaction between the parameters on the resulting is significant,whichcanbeconfirmedbycomparingFig.11ato11b. 
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	400 320 240 160 80 0 0.10 0.14 0.18 0.26 0.22 0.30 85 81 77 73 69 65   (MPa)   
	400 320 240 160 80 0 0.10 0.14 0.18 0.26 0.22 0.30 180 170 160 150 140 130   (MPa)   
	(a) (b) 
	Fig. 11.Influence of the design parameters on the von Mises stress experienced by the structures showing (a) the effectof and when is constant and (b)the effect ofand when is constant.Comparing (a) and (b) alsoshowswhetherthereareinteractioneffectsbetweenthestructures. 
	 
	 
	 
	 
	 
	 

	TheinfluenceofonthevonMisesstressvarieswith(Fig.11a)andnotwith(Fig.11b). This can be observed from the difference in theslope of the response surface concerning at different as shown in Fig. 11. On the contrary, when was varied the dependency of von MisesstressonwasnotaffectedasshowninFig.11b. Overall,itcanbeseenthathasa 
	TheinfluenceofonthevonMisesstressvarieswith(Fig.11a)andnotwith(Fig.11b). This can be observed from the difference in theslope of the response surface concerning at different as shown in Fig. 11. On the contrary, when was varied the dependency of von MisesstressonwasnotaffectedasshowninFig.11b. Overall,itcanbeseenthathasa 
	 
	 
	 
	 
	 
	 
	 
	 

	higher influence on the von Mises stress when is higher, which means that the interaction effect between the design parameters and is significant and needs to be taken into considerationwhiledesigningthemosteffectiveAX4structure.Accordingly,forimprovingthe structural integrity of AX4, the most significantterms on are thefirst-order effects of and in the order >where the strut diameter has a significantly higher influence in comparisonto.Lastly, as evidentfrom Fig. 11bthecross-linkanglewasfoundtohavea verylo
	 
	 
	 
	 
	 
	 
	 
	 
	StyleSpan
	 
	 
	 






	3.2.4. Influence of design parameters on 
	3.2.4. Influence of design parameters on 
	 

	Whenitcomestolateralstrain,theparameterthatisusedtocharacterisestheradialshrinkage of thestructure,all thedesignparameterswerefound to haveasignificantinfluence as shown inFig.12.Acombinationofallthreedesignparametersarerequiredtoobtainatargeted. LookingattheinfluenceofandasshowninFig.12aitcanbeseenthatisinfluenced bybothand,wherethehighestabsolutevalueinstrainis whenis atthehighestand isthesmallest.However,whenisintroducedasshowninFig.12b,theperformanceofthe structurecanbeseentobedependentontheinteractionb
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	Therefore, the influence of on the lateral strain varies with both and . This can be observedfromthedifferenceintheslopeoftheresponsesurfacewithrespecttoatdifferent and as shown in Fig. 12a and 12b. When was varied the dependency of lateral strain on was also affected as shown in Fig. 12c. However, it can be seen that has a higher influence on the lateral strain followed by and . This means that the interaction effect between the design parameters , and are all significant and need to be taken into consider
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	Theinfluenceofallthreedesignparametersonelasticshrinkagealsovalidatesthedesignfocus ofthisstudyandselectionofthenovelauxeticstructureAX4.Forexample,theintroductionof anewdesigncomponentthroughthecreationofAX4allowedtoachievehigherelasticstrain along the radial direction in comparison to AX3. Looking at the order of influence, the most significantterms onaretheeffectsofandfollowedbytheinteractionandin the order > > > > where the strut diameter has a significantly higher influenceincomparisontoand.Thismeansth
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	0.0 -1.2 -2.4 -3.6 -4.8 -6.0 85 81 77 69 73 65 0.30 0.26 0.22 0.18 0.14 0.10  (− )   
	0.0 -1.2 -2.4 -3.6 -4.8 -6.0 180 170 160 140 150 13 0.30 0.26 0.22 0.18 0.14 0.10  (− )   
	(a) (b) 
	0.0 -1.2 -2.4 -3.6 -4.8 -6.0 180 170 160 140 150 13 85 81 77 73 69 65  (− )   
	(c) 
	Fig.12.Influenceofthedesignparametersonthelateralstrainstressshowing(a)theeffectofandwhenis constant, (b) the effect of on when is constant and (c) the effect of on when is constant. The comparisonof(a),(b),and(c)alsorevealstheinteractioneffectsbetweenthedesignparameterstakingplace. 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	3.2.5. Influence of design parameters on − 
	3.2.5. Influence of design parameters on − 
	AlltheversionderivedfromAX4varyingthedesignparameters,andexhibitednegative Poisson’sratio(−)whichiscriticalforthisapplication.ThisvalidatestheevolutionofAX4as asuitablestructureinspiredbyare-entrantunitcell.Thesurrogatemodelshows(Fig.13a)that whenitcomestoPoisson’sratio,thekeyparameteristheauxeticangleis.Theabsolutevalue of − can be seen to increase linearly when increased as shown in Fig. 13a. Though comparativelysmaller,thesecondmostinfluentialparameterwasfoundtobe.Nevertheless, thisisthefirstresponsefort
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	From a structural mechanics perspective, Poisson’s ratio is defined as the negative ratio of transverse to axial strain. Therefore, to exhibit negative Poisson’s ratio, the material must be allowed to laterally shrink under axial compression. Further to the shape of the unit cell, the amount of porosity or the void space dictates how much astructure can shrink. In this view, increasing the angle is beneficial as this allows more space for the structure to shrink and 
	From a structural mechanics perspective, Poisson’s ratio is defined as the negative ratio of transverse to axial strain. Therefore, to exhibit negative Poisson’s ratio, the material must be allowed to laterally shrink under axial compression. Further to the shape of the unit cell, the amount of porosity or the void space dictates how much astructure can shrink. In this view, increasing the angle is beneficial as this allows more space for the structure to shrink and 
	therefore reach a higher negative Poisson’s ratio. Consequently, it is clear why the cross-link anglehasaminimalinfluenceasshowninFig.13b. 
	 


	-0.220 -0.244 -0.268 -0.292 -0.316 -0.340 85 81 77 69 73 65 0.30 0.26 0.22 0.18 0.14 0.10    
	-0.220 -0.244 -0.268 -0.292 -0.316 -0.340 180 170 160 140 150 13 0.30 0.26 0.22 0.18 0.14 0.10    
	(a) (b) 
	Fig.13.InfluenceofthedesignparametersonPoisson’sratioshowing(a)theeffectofandwhenisconstant and(b)showstheinteractioneffectsofandwhenisconstant. 
	 
	 
	 
	 
	 
	 

	Ontheotherhand,increasingthestrutdiameterdecreasestheporosity,whichislessconducive to the absolute value of the Poisson’s ratio in the negative direction. For the structure under consideration,hasahighersignificanceindictatingtheabsolutevalueofthePoisson’sratio. Themostsignificantterms on− arethefirst-ordereffectoffollowedby.Consequently, the order of influence of the geometrical parameters when it comes to the Poisson’s ratio is >.The effect ofwas found to be negligible for the geometrical range considered
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	3.3.Genera ionof heop imiseddesign 
	3.3.1. Problem description 
	3.3.1. Problem description 
	WhiletheinfluenceofgeometricalparametersontheperformanceAX4hasbeencharacterised, the optimum combination of the parametricvalues foroptimum performanceis still unknown. Accordingly,aproblemdescriptiontargetingthemostimportantresponsesbeinginvestigatedis requiredtoidentifyanoptimumdesign.However,todothis,thecommonlyusedsingle-objective optimisation approach is inappropriate as multiple responses are involved. Consequently, a multi-objective description of the optimisation problem is conceived to identify an 
	Anoptimumauxeticnasopharyngealswabshouldbeabletoconvertasmuchoftheaxialload into lateral shrinkage (−) without plastic deformation. In other words, the optimised structureshouldallowforthehighest−whileexhibiting astress ()around50MPa.A balanceofthesetwoparameterswillallowtheswabheadtoelasticallyshrinkexertinglessstress onthesurroundingtissueasittravelstothenasopharyngealcavity,whichreducesthepatient discomfort.Therefore,theobjectivesweretominimise−(maximisetheabsolutevalue)while maintainingcloseto50MPatopre
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	An optimisation problem that involves multiple objectives as listed in Eq. (10) can be solved usingtwomethods.Thefirstoneistoinvestigatealltheobjectivesindependentlyandlookfor an optimal solution generally referred to as the ‘Pareto optimal solution’. The second method incorporatesmultipleobjectivesfunctionsintoasinglecostobjectivefunction,whichisameasure ofitsrelativeperformance.Thismethodusesadesirabilityapproachtoidentifyasinglesolution to the optimisation problem. The second approach using the desirabil
	The optimisation is carried out using the response method called desirability as described by Myerset al. [82].Themethodmakesuseofanobjectivefunction,(),calledthedesirability function. It reflects the desirable ranges for each response (). The desirable ranges are from zero to one (least to most desirable, respectively). The simultaneous objective function is a geometricmeanofalltransformedresponsesasshowninEq.(11): 
	 
	 

	(11) 
	=(⋅⋅…⋅ )= 
	StyleSpan
	StyleSpan
	StyleSpan
	StyleSpan

	= 
	wheren isthenumberofresponsesinthemeasure.Ifanyoftheresponsesorfactorsfalloutside theirdesirabilityrange,theoverallfunctionbecomeszero. 
	Forsimultaneous optimisationeachresponsemusthavealowandhighvalueassignedto each goalwhichisrepresentedbyEq.(10)solvedusingthedesirabilityapproachwhereFig.14shows the results as afunction of desirability objective concerning thedesign parameters considered. Itappearsthattheoptimalsolutionatthehighestdesirability(1.0)liesclosetothemaximum 
	auxetic angle (Fig. 14a-c) and at midway for strut diameter (Fig. 14a-c) and cross link angle (Fig. 14b). As can be seen, there is not one but multiple optimal solutions that correspond to the desirability of 1 and one of which is shown in Table 9. 
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	Fig. 14. The desirability of the optimum solution against the design variables showing (a) the effect of strut diameter and the auxetic angle at a cross link angle of 130° (b) the effect of strut diameter and the auxetic angle at a cross link angle of 155° and (c) the effect of strut diameter and the auxetic angle at a cross link angle of 180°. A desirability contour of 0.0 and 1.0 refers to the least and most optimum solution respectively that can be achieved between the geometrical ranges considered. 
	Table 9. Optimal solution predicted by the surrogate model based on the Eq. (10). 
	Number  (mm)  (deg.)  (deg.) Desirabili y 
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	1 0.18 80 160 1.0 
	Based on the predicted geometrical parameters, designs were developed, and numerical evaluation carried out as shown in Fig. 15. As listed in Table 10, the structural performance of the optimised design is very close to the design stress of 50 MPa. Besides, the deformed shape of the optimised design can be seen to allow for a significant increase (2.7 times) in lateral shrinkage in comparison to the regular AX4 design. Overall, the results of the optimised model in comparison to the surrogate model (Table 1
	The surrogate model underestimated the lateral strain by 7.8% and overestimated the von Mises stress by 4.1%. However, no changes in Poisson’s ratio and relative density were observed between the predictions carried out by the surrogate model in comparison to FEM. Consequently, the findings show that the optimum design is preferable and results in a much higher auxetic performance of the nasopharyngeal swab. Although the re-entrant architecture features a higher stress concentration effect, both the experim
	Swab headStem NeckNotch 15 cm 8.42 cm  0.25 cm  0.14 cm  0.14 cm 
	Max 40 35 30 25 20 15 10 5 Min 0 (MPa) D f dUndeformed 
	Fig.15.Performanceoftheoptimumauxeticswabandtherepresentativeprintedsample. 
	Usingtheoptimiseddesign,arepresentativeexampleofafullauxeticnasopharyngealswabthat canbemanufacturedby3DprintingisshowninFig.15.Theglobaldimensionsoftheswabare comparable to traditional nasopharyngeal swabs that are commercially available. Additional design feature includes a notch to allow for the user to easily break the swab to go into the transporter. Breaking the swab at the notch after use will also allow distinguishing between swabsthatareusedandnewtoavoidcontamination. 
	Table10.Confirmationrunsfortheoptimumswabdesign. 
	I em () (MPa)   
	−
	 

	Surrogate -4.9 52.22 -0.29 0.03 FEM -5.3 50.13 -0.29 0.03 %difference 7.8 4.1 --
	Althoughapotentialconcepthasbeenestablished,thedesignrequiresfurtherimprovementsto achieveuniformauxeticbehaviour.Thisincludesfurtherevaluationofthebendingandtwisting performance in addition to testing the effectiveness in swab collection itself. Furthermore, compressionisnottheonlyloadexperiencedbytheswabheadandfretting/lateralloadingare involved depending on both the usage and variation in the nasal cavity. However, having carefullyevaluatedvariousloadingscenarios,compressionwasidentifiedasthemostprominen
	Overall,thisresearchisnotaimedatdevelopingafinalproduct,ratherafirststepinexamining thepotentialofusingauxeticdesignstoimprovetheexistingconceptsinnasopharyngealswabs. 
	Itisexpectedthattheprojectwillinitiatenewthinkingwhichfellowresearcherscanadaptand improvetodevelopfunctionalbiomedicaldevices. 





	4.Conclusion 
	4.Conclusion 
	The supply-chain disruption associated with COVID-19 lockdown has compelled to identify alternative sources of essential biomedical devices that can be manufactured on-demand. The restrictiononthemovementoftheworkforcemeansthatthereisaneedforinnovationthatcan beconceivedandmanufactureddigitallywhere3Dprintinghasanestablishedadvantage.There are also numerous reports of swab shortages across Europe, USA, and Asia calling for atime-sensitive approach. As a response, this study puts forward an open innovation f
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