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Table S1 Types of Air-Purifying Respirators  [1], [2]
	Type
	Filter Type
	Coverage
	Protects Against
	Remarks

	1) Filtering Facepiece Respirator (FFR)
	Filter 
	Mouth and nose
	Fumes, mist, dust
	Disposable

	2) Elastomeric Hal Facepiece Respirator
	Replaceable filters / cartridges
	Mouth and nose
	Vapors, gases, other particles
	Reusable

	3) Elastomeric Full Facepiece Respirator
	Replaceable, filters, cartridges, cannisters
	Mouth, nose, eyes
	Vapors, gases, other particles
	Reusable

	4)  Powered Air-Purifying Respirator (PAPR)
	Replaceable, filters, cartridges
	Mouth, nose, eyes
	
	Reusable; Battery-powered; Blower pulls air through filters/cartridges



















Table S2. Some open web sources of updating design and .stl files of 3D printed personal protective equipment (PPE)
	Organization
	Types of PPE
	References

	Thingiverse-
COVID-19 3D printing health protective designs
	Protective Mask/Face Shield/Hand-free door opener
Goggle/Mask accessory
	[3]

	YouMagine-
COVID-19
	Protective Mask/Face Shield/Hand-free door opener
	[4]


	NIH 3D Printed Exchange
	Protective Mask/Face Shield/Hand-free door opener
Goggle/Mask accessory
	[5]

	CD3D 3D Printing Center
	Protective Mask/Face Shield/Hand-free door opener/personal door opener 
	[6]



	Cults
	Protective Mask/Face Shield
	[7]


	GrabCAD
	Face shield / mask / mask strap
	[8]



















Table S3  ASTM and ISO Standards related with facial mask and ventilators

	Organization
	Items
	Standards
	References

	ASTM
	Facial Mask
	ASTM F2299/F2299M-03(2017) Standard Test Method for Determining the Initial Efficiency of Materials Used in Medical Face Masks to Penetration by Particulates Using Latex Spheres
	[9]

	
	
	ASTM F2101-19 Standard Test Method for Evaluating the Bacterial Filtration Efficiency (BFE) of Medical Face Mask Materials, Using a Biological Aerosol of Staphylococcus aureus
	[10]

	
	
	ASTM F2100-19 Standard Specification for Performance of Materials Used in Medical Face Masks
	[11]

	
	
	ASTM F1862/F1862M-17 Standard Test Method for Resistance of Medical Face Masks to Penetration by Synthetic Blood (Horizontal Projection of Fixed Volume at a Known Velocity)
	[12]

	ISO
	Ventilators
	ISO 10651-3:1997, Lung ventilators for medical use — Part 3: Particular requirements for emergency and transport ventilators
	[13]

	
	
	ISO 10651-4:2002, Lung ventilators — Part 4: Particular requirements for operator-powered resuscitators
	[14]

	
	
	ISO 19223:2019, Lung ventilators and related equipment — Vocabulary and semantics
	[15]

	
	
	ISO 80601-2-12:2020, Medical electrical equipment — Part 2-12: Particular requirements for basic safety and essential performance of critical care ventilators
	[16]

	
	
	ISO 80601-2-79:2018, Medical electrical equipment — Part 2-79: Particular requirements for basic safety and essential performance of ventilatory support equipment for ventilatory impairment
	[17]

	
	
	ISO 80601-2-80:2018, Medical electrical equipment — Part 2-80: Particular requirements for basic safety and essential performance of ventilatory support equipment for ventilatory insufficiency
	[18]
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Figure S1. Minimum specifications in urgent manufacturing of face shields [19]
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Figure S2 Fused Deposition Modelling (FDM) Operating Principle [22].





5. Types and properties of polymer and plastic materials commonly used for mass production of parts 

Polyethylene (PE) is the most common plastic, primarily used in packaging including plastic bags, bottles, membranes etc. [25]. It has the simplest structure of polymer, with repeating units of -CH2-, as shown in Figure S3. The high symmetry and softness of the linear chain facilitate the crystallization of PE. Depending on the processing conditions, some PE has many branches, which leads to lower crystallinity and lower density, and resulting materials is called low density PE (LDPE), while some PE has very few branches, thus higher crystallinity and higher density are generated, and the resulting material is called high density PE (HDPE). The thermo-mechanical properties of PE are directly related to its crystallinity. Although PE has relatively low strength and hardness, but the partial crystallinity, combined with the soft chain, offers high ductility, impact strength and toughness. The crystalized structure also offers excellent chemical resistance, that PE is resistant to strong acid and base, and gentle oxidizing/reducing. PE is also resistant to organic solvents at room temperature, but can be dissolved by non-polar hydrocarbon solvent, such as xylene and toluene, at elevated temperature. 

Polypropylene (PP), another commonly used thermoplastic, has a similar structure of PE with a methyl group on the side Figure S3 [26]. It has many similar properties as PE, especially in solubility and electrical properties. It has low strength and hardness, but high ductility and toughness. The methyl side group, on the other hand, leads to better thermo-mechanical properties, while the chemical resistance is compromised. PP has a high crystallinity, but it is largely affected by the tacticity, which is the location of the methyl side group. When methyl groups all on the same side of the backbone, it is called the Isotactic structure. Macromolecular chain can be easily oriented into a helical shape in the isotactic structure, resulting in high degree of symmetric structure. Therefore, higher isotacticity in the polymer chain offers higher degree of crystallinity, thus higher melting point, hardness, chemical resistance etc. Isotactic PP (iPP) has the highest crystallinity and a high melting point from 185 to 220 ℃. Syndiotactic PP (sPP), with alternating locations of methyl groups, has a lower melting point from 168 to 186 ℃. Atactic PP (aPP), with methyl groups randomly located at the backbones, becomes amorphous with only 15% crystallinity. It is soluble in room temperature and has a much lower density, softening point, and melting point. iPP is currently the most used PP due to its high crystallinity.

When the methyl group of PP is replaced by chloride, the polymer becomes polyvinyl chloride (PVC) [27]. The chloride atom gives very different properties than PP or PE. It has very high hardness, rigidity and mechanical strength, excellent chemical resistance to acid, base, salts etc. The location of chloride atom is mainly random, which give an atactic stereochemistry and low crystallinity, but the density is much higher than PP and PE due to the chloride atom mass. When plasticizers are incorporated into PC, it enlarges the free space between the linear chains, and work as lubricant to facilitate the chain movement. Therefore, Tg of PVC is significantly lowered, the rigidity of PVC dramatically decreases, and PVC becomes much more flexible. Commonly used plasticizers include phthalate, adipates, trimellitates, etc. PVC has been widely used in pipes, electro cable insulation, flooring etc. 

Polyamide (PA), also called nylon, is a family of synthetic polymers with repeating unites linked by amide groups [28]. Polyamide is normally produced by the condensation reaction between di-carboxylic acid and di-amine, in which the repeating units will be the alternating of applied di-acid and di-amine chains. It can also be produced by the self-reaction of amino acid or ring-opening polymerization of lactam, producing a mono repeating unit. The amide group (-CO-NH) is highly polar and forms inter-molecular hydrogen bonds which facilitates crystallization of polyamides, thus offering excellent mechanical strength and chemical resistance. Commonly used PA includes PA66, PA6, PA 12, PA 510 etc. PA 66, structure shown below, has a highly regular molecular structure with amide groups line up repeatedly to form strong interchain hydrogen bonds. Therefore, it has the highest melting point of PA, above 260 ℃, and it’s widely applied when high mechanical strength, rigidity and stability is required. PA 6 has similar properties as PA 66, high strength and elasticity, but a lower melting point at 220 ℃. 

Polycarbonate (PC) [29] is a thermoplastic family containing carbonate groups in the backbone. Most PC is produced by bisphenol A (BPA) based precursor. The carbonate group (-O-CO-O-) confers high rigidity, and the BPA structure exhibit excellent impact resistance, durability and high temperature resistance. It can be sharply deformed at room temperature without significant cracking or breaking, which is superior than most other thermoplastics. It has a high Tg, around 147 ℃, and high flame retardance, which make it an ideal material for use under some extreme conditions. The rigid backbone offers very low crystallinity, thus visible light transparency is very high, even higher than that of many types of glass. PC are largely used in electronic components owing to its good electrical insulting behavior, as well as excellent thermal stability. Its also an ideal candidate in sunglass, eyeglass lenses, and face shield due to its high transparency. BPA free PC has been developed, which is increasingly served in the food containers due to the improved toxicity. 

Polylactic acid (PLA) [30] is a thermoplastic ester, which draws great attention recently due to its renewable resources and biodegradability. It is produced from ring-opening polymerization of lactide, a chemical that has abundant renewable resources. The ester group offers high mechanical strength and hardness, yet it suffers from brittleness and lack of ductility.  PLA ranges from an amorphous glassy polymer to a semi-crystalline polymer with a moderate thermal stability, Tg around 60 ℃ and melting point below 200 ℃. The crystallinity of PLA is largely controlled by the ratio of the two enantiomers in lactic acid, L-lactic and D-lactic, and the corresponding product is called PLLA and PDLA. The blending of PDLA an PLLA can enhance the crystallinity, where PDLA works as nucleate agents, to enhance the thermo-mechanical performance, yet the bio-degradability rate becomes slower.
Polyurethane (PU) [31] is a class of polymers with repeating units linked by urethane groups (Fig. S4), which is produced by the reaction between isocyanate and hydroxyl groups. PU can be divided into two categories: crosslinked PU and thermoplastic PU (TPU). The former is synthesized from the isocyanates and polyols with more than 2 functionalities  generating un-meltable network, while the latter is synthesized from diisocyanates and diols to form linear PU chains. The large diversity of isocyanates and polyols structures offer PU with wide range of structures and properties. When rigid chains, such as phenol rich structures, and high crosslinking density are incorporated in the crosslinked PU network, it becomes rigid and hard, while soft chains and moderate crosslinking density offers high flexibility. TPU is one of the most important elastomeric polymers. It is consisted of alternating hard segments in which short rigid structures form crystalline domain, and soft segments in which long soft chains generate amorphous domain. Hard segments work as physical crosslinking sites to offer recoverability of deformation, while soft segments confer excellent elasticity. TPU has huge population in footwear, automotive seating, instrument panels and crosslinked PU has a lot of applications in sealings, insulation foam, elastomeric wheels, tires etc.  

Silicone [32] also called polysiloxane, refers to polymers that contain siloxane group, consisted of alternating silicon and oxygen atoms. The siloxane chains exhibit excellent heat resistance, low thermal conductivity, low electrical conductivity, low toxicity and high hydrophobicity. When the siloxane groups are crosslinked into a network, silicone becomes a highly elastic rubber with superb properties. Several chemistries have been developed to crosslink silicones. One typical route is through hydrolysis of silane groups. For example, the liquid precursor of moisture cured silicone rubber starts to solidify once it’s in contact with air (moisture in the air). Another route is through the hydrosilylation reaction, where vinyl groups will crosslink with silicon-hydride. This reaction requires the mixture of two silicone precursors to be mixed together to initiate the crosslinking under catalyst. Silicone rubber has very good bio-compatibility and low toxicity, which allow it to be used in bio-medical field, such as implants and wearable electronics. It has very good stability and performs well in the temperature ranging from −70 to 220 °C. Therefore, silicone rubber is largely used in aerospace industry as sealants to stand extreme conditions. 
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Figure S3. Molecular structures of PE, PP, PVC, PA, PC and PLA.
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Figure S4. Synthesis route of polyurethane.
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Figure S5- Medical Device Classifications [33], [34]

















8. 3d Printing PPEs at Organizations and Universities

At the University of Tennessee, several different protective mask models were 3d-printed through FDM printing using different filament materials. Figure S8a shows the masks printed using the different FDM 3D printers. The most successful one is the BUT-H1 halfmask designed from Brno University of Technology. This design also including two parts: the mask frame and the filter cover as shown in Figure S8b left and right. [35] Filters are sitting between the mask frame and filter cover. Different thickness in between are designed to fit either thin or thick filters. The idea here is involving a disposal latex or nitril glove sleeve on the frame which enable the mask a comfortable and good fit on face. Special design of holding the elastic band on the filter cover also add more of the fitting advantages in contrast to the ones designed on the mask frame itself. The pictures of the mask frame and cover in printing and finally assembled mask are shown in Figure S8c (left), (center) and (right) (filter material- MERV13)
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Figure S6. a) Different protective mask printed out in our 3D printing lab at the University of Tennessee based on the open source stl files.; Figure 2. B)  Stl file of the mask frame and cover of BUT-H1 mask; c)  left and center,  BUT-H1 Mask frame during printing in our 3D printing lab at University of Tennessee; right, Assembled mask with filter and glove sleeve on the frame for better fitting on face. 

3D Printing Projects at the Additive Manufacturing Research Laboratory at the Bataan Peninsula State University (BPSU-AMReL) (Kokoy)

Figure S7 (a—e) shows the 3d-printing projects at the Additive Manufacturing Research Laboratory at the Bataan Peninsula State University (BPSU-AMReL). Figure S7 a) 3d-printed face shields; b) 3d-printed mask strap; c) 3d-printed hands-free door pull; d) testing of 3d-printed hands-free door pull; e) mask flange. 

[image: ]
Figure S7 (a—e) 3d-printing projects at the Additive Manufacturing Research Laboratory at the Bataan Peninsula State University (BPSU-AMReL). Figure S7 a) 3d-printed face shields; b) 3d-printed mask strap; c) 3d-printed hands-free door pull; d) testing of 3d-printed hands-free door pull; e) mask flange. 
3d printing is a very important equipment in rapid prototyping. 3d printing farms using several printers to print a specific part is one way to do limited production. In the same manner, 3d printing of polymer mods and combining it with a benchtop injection molding machine has also be reported and successfully tried [36], [37]. BPSU-AMReL employs this manufacturing process in producing mask straps. Figure S8 (a-f)  shows the details of the production of mask straps at the BPSU-AMReL: a) injection molding machine; b) polypropylene resins (courtesy of Petron Polypropylene Plant); c) 3d-printed injection molds; d) 3d-printed molds encapsulated in an aluminum frame; e) injection-molded mask strap; f) mask strap being worn with a face mask. [38]
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Figure S8 (a-f)  Details of the production of mask straps at the BPSU-AMReL: a) injection molding machine; b) polypropylene resins (courtesy of Petron Polypropylene Plant); c) 3d-printed injection molds; d) 3d-printed molds encapsulated in an aluminum frame; e) injection-molded mask strap; f) mask strap being worn with a face mask. [38]
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Figure S9. 3D printing farm at the Bataan Penisula State University (Philippines). 
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Figure S10. Combination of 3D printing and injection molding; a) 3D printed molds on a build plate printed using the stereolithography technology; b) injection molded cubes using 3d-printed molds. Reproduced with permission from John Ryan C. Dizon, Arnaldo D. Valino, Lucio R. Souza, Alejandro H. Espera, Qiyi Chen, Rigoberto C. Advincula, Three-dimensional-printed molds and materials for injection molding and rapid tooling applications, Vol. 9, Issue 4, 1267-1283. [36]
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Figure S11. The plastic injection mold for face shield frame which was fabricated at the Die and Mold Solution Center (DMSC) of the DOST Metals Industry Research and Development Center. [40]
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* Lowest level of risk to patient/user with lowest control levels. Premarket notification or approval is not
required. Manufacturer required to register their generic product with FDA. Examples: Venturi Mask and
Elastic Strap of Face Mask [13], [14]

¢ These devices have slightly more risk than Class | and require a Premarket Notification 510(k). Most
medical devices fall in this category. Examples: IPPB Ventilator and Surgical Masks [13], [14]

* These devices have a high risk to patient/user. Devices often sustain life, are implanted or can cause illness
or injury. These devices require a Premarket Approval. Examples: Pacemakers and defibrillators [13], {14}.
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