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Abstract 18 
 19 

Background: When modeling exposures from contact with fomites, there are many choices in 20 

defining the sizes of compartments representing environmental surfaces and hands, and the 21 

portions of compartments involved in contacts. These choices impact dose estimates, yet there 22 

is limited guidance for selection of these model parameters. Objective: The study objective was 23 

to explore methods for representing environmental surface and hand contact areas in exposure 24 

models and implications for estimated doses. Methods: A simple scenario was used: an 25 

individual using their hands to contact their face and two microbially contaminated 26 

environmental surfaces. Four models were developed to explore different compartmentalization 27 

strategies: 1) hands and environmental surfaces each represented by one compartment, 2) 28 

hands represented by two compartments (fingertips vs. non-fingertip areas) while environmental 29 

surfaces were represented by one compartment, 3) hands represented by a single compartment 30 

and environmental surfaces represented by two compartments, and 4) hands and 31 

environmental surfaces each represented by two compartments. Sensitivity analyses were 32 

conducted to evaluate the influence of heterogeneous surface contact frequency, hand contact 33 

type, and hand dominance on dose. Results: Estimated doses were greatest when hand areas 34 

and environmental surfaces were each represented by two compartments, indicating that 35 

surface area “dilutes” contaminant concentration and decreases estimated dose. Significance: 36 

Model compartment designations for hands and environmental surfaces affect dose estimation, 37 

but more human behavior data are needed. 38 

 39 

Impact Statement 40 

A common problem for exposure models describing exposures via hand-to-surface contacts 41 

occurs in the way that estimated contamination across human skin (usually hands) or across 42 



environmental surfaces is spatially averaged, as opposed to accounting for concentration 43 

changes across specific parts of the hand or individual surfaces. This can lead to the dilution of 44 

estimated contaminants and biases in estimated doses in risk assessments. The magnitude of 45 

these biases and implications for the accuracy in risk assessments are unknown. We quantify 46 

differences in dose for various strategies of compartmentalizing environmental surfaces and 47 

hands to inform guidance on future exposure model development.  48 



Introduction 49 

Exposures through contacts with contaminated surfaces and subsequent touching of the 50 

face (1–3) or contact of contaminated objects with the mouth (4,5) pose a health risk regarding 51 

many contaminants, including pesticides (6), heavy metals (7,8), and microorganisms (1,4). 52 

Dermal absorption is an additional concern for some contaminants, such as pesticides (9). 53 

Models that characterize exposures to contaminants through contact with environmental 54 

surfaces require parameters describing the parts and areas of hands and surfaces involved in 55 

the hand-to-environmental surface contact process. For example, the Residential Stochastic 56 

Human Exposure and Dose Simulation Model for Pesticides (Residential-SHEDS) model, which 57 

estimates nondietary ingestion and dermal exposures to pesticides among children, requires 58 

inputs of the surface area contacted and the frequency and duration of these contacts, among 59 

other variables (9). The Child-Specific Aggregate Cumulative Human Exposure and Dose 60 

(CACHED) model, which estimates aggregate dose via dermal, inhalation, and dietary and non-61 

dietary ingestion exposures, also requires hand surface area, surface area of contacts, and 62 

contact frequency (10). These same parameters are required for models that estimate microbial 63 

exposures via the fomite route (4,11–17). When the assumptions used to define these 64 

parameters do not align with real-world conditions, errors can be introduced into the model that 65 

affect exposure estimates. Unfortunately for the modeler, human behaviors related to fomite 66 

transmission are highly complex and variable (12,18–21), and small changes in the hand 67 

position during a surface contact affects the location and surface area on the hand to which 68 

contaminant is transferred, as well as the amount of contaminant transferred.   69 

While modelers are generally guided by experimental and observational data when 70 

defining model parameters, the extent of knowledge and natural variability provides modelers 71 

with considerable latitude in their decision making. To date, analyses of the impact of model 72 

assumptions and parameterization on exposures through contact transmission have generally 73 

been limited to standard sensitivity analyses that explore the influence of variation in parameters 74 



on the output, such as through correlation (4,12,16,17). Less work has explored how alternative 75 

model design may influence the model output. The objective of this study is to explore the 76 

impact of assumptions about exposure model parameters describing contact processes on 77 

exposure, with a specific focus on the impact of the number of compartments used to represent 78 

surfaces and hands involved in contacts, and the area of contact. The scenario under study 79 

involves viral exposure through contact with contaminated fomites. While microbial fomite 80 

exposures have some parallels to chemical fomite exposures, it should be noted that microbial 81 

fomite exposure insights may not be generalizable to those of chemical exposures due to lack of 82 

a dermal absorption route and differences in source, where the fomite may serve as the source 83 

itself. However, in modeling either type of process, considerations to the compartmentalization 84 

of hands and fomites must be considered. 85 

This work is motivated by a specific concern related to heterogeneity in contamination on 86 

surfaces, including hands, and the extent to which model assumptions about uniform 87 

contaminant concentrations on surfaces may bias exposure models, if any. To explain, the part 88 

of a hand used for a hand-to-environmental surface contact may depend upon the 89 

environmental surface type and the hand configuration used (18). For example, a single 90 

fingertip may be involved in the contact. If this occurs, the contaminant has heterogeneous 91 

loading, with contamination occurring only on the fingertip involved in the contact. However, in 92 

modeled representations of these events, the contaminant is typically averaged over the entire 93 

area of the compartment (e.g., the entire hand), thereby “diluting” the contaminant concentration 94 

across the entire surface area. As a result, the contaminant mass transferred to the fingertip is 95 

averaged over the entire hand, underestimating the contaminant concentration on the fingertip. 96 

This dilution is amplified by subsequent contacts that involve fractions of the compartment. 97 

Conversely, sequential contacts may involve different portions of the hand–e.g., the fingertip 98 

then the palm–and though contaminant acquired during a fingertip contact would not transfer 99 

during a palm contact, the model will predict contaminant transfer owing to the spatial averaging 100 



of the contamination across the compartment. Spatial averaging of contamination across 101 

environmental surfaces can introduce similar issues. This phenomenon may be exacerbated by 102 

heterogenous contact patterns, variability in the contact area, and heterogeneity in 103 

contamination density across different environmental surfaces. This may lead to under- or over-104 

estimation of doses.  105 

Prior work has demonstrated that heterogeneous contaminant loading occurs on the 106 

hand, on the level of 1 mm2, as the result of different hand positions during contact and activity 107 

patterns (22). However, the implications of this heterogeneity for modeled doses have not been 108 

fully explored, the fine scale of heterogeneity described is computationally expensive, and such 109 

data are available only for limited exposure scenarios (22). Quantification of potential errors due 110 

to spatial averaging in simpler model frameworks, such as those explored herein, is needed 111 

before more advanced methodologies with more granular tracking of hand or surface loading 112 

can be more broadly incorporated. Despite the potential for errors that spatial averaging in 113 

compartment models can contribute, the effects on estimated exposures and doses have not 114 

been extensively described in the literature. This has relevance to the COVID-19 pandemic and 115 

future pandemics and outbreaks, as microbial exposure models are increasingly used for 116 

understanding viral exposure mechanisms (15,17,23–25). 117 

Methods 118 

Scenario and Modeling Approach 119 

 The exposure scenario involved an individual making hand contacts with environmental 120 

surfaces and their facial mucosal membranes over the course of 20 minutes, transferring an 121 

infectious virus contaminant. The scenario was modeled using a compartmental mass-balance 122 

approach implemented using a Markov chain and simulated using the Monte Carlo method: This 123 

approach has been previously used to model virus exposures through the fomite route (15,26). 124 

The four general categories of compartments included: 1) environmental surfaces, 2) hands of 125 

the individual, 3) facial mucous membranes of the individual, and 4) loss owing to virus 126 



inactivation. Compartments in the first two categories were varied to obtain the study objective. 127 

Specifically (Figure 1): 128 

• Model A included a single compartment for surfaces (a small and a large surface 129 

combined) and a single compartment for hands (right and left combined). 130 

• Model B included a single compartment for surfaces (as in model A) and two 131 

compartments for hands that represented the fingertips (right and left combined) and 132 

other parts of the hands (right and left combined), respectively. 133 

• Model C included a single compartment for hands (as in model A) and two 134 

compartments for surfaces (one small and one large). 135 

• Model D included two compartments for surfaces (one small and one large, as in model 136 

C) and two compartments for specific hand sections (as in model B).  137 

In models A and C, because few contacts involve the entire hand surface area, contacts 138 

were considered to involve a fraction of the hand surface area, and the number of viruses 139 

transferred to or remaining on the hand after a contact was assumed to be uniformly distributed 140 

over the hand surface area. In models B and D, the hand surface area was separated into two 141 

compartments: fingertips and non-fingertip areas of the hand (Table 1, Figure 1). Similar to 142 

model A, however, contacts were considered to involve a fraction of the fingertip surface area 143 

and non-fingertip surface area, and the number of viruses transferred to or remaining on in each 144 

compartment after a contact was assumed to be uniformly distributed across the compartment 145 

area. In all models, contacts with facial mucous membranes were assumed to involve only a 146 

single fingertip (a fraction of the total fingertip area), consistent with prior work (1,15,25). 147 

Despite the use of 1 or 2 compartments, the total area of the hands and environmental surfaces 148 

and the frequency of the contacts with surfaces and the face are consistent between the two 149 

models. However, the fractions of compartment areas involved in contacts were altered to 150 



account for the size and function of objects represented by the two compartments (e.g., fingertip 151 

and non-fingertip areas of the hand).  152 

The transfer of virus between model compartments was described using first-order rate 153 

constants, and used to calculate one-step transition probabilities between compartments as 154 

required for a discrete time Markov chain (15,26). Where available, data were used to define the 155 

first-order rate constants (Table 1). Timestep and iteration combinations were inspected to 156 

select a timestep and iteration combination that resulted in stable mean estimated doses. A 157 

timestep of 0.001 min with 5,000 iterations of the Monte Carlo simulation was found sufficient to 158 

obtain stable results. Input parameters and their distributions are described in more detail in the 159 

supplemental materials. 160 

In model D, where the large and small environmental surface were represented as two 161 

compartments, it was assumed the small environmental surface would contribute 2/3 of the total 162 

amount of environmental surface contacts while the large environmental surface would account 163 

for the other third. The rationale was small environmental surfaces, such as door handles, are 164 

likely contacted more frequently than larger environmental surfaces, such as a desk. These 165 

surfaces (door handle and desk) were used to estimate environmental surface areas (Table 1, 166 

supplemental materials). 167 

Fractional surface areas measured by AuYeung et al. were used to inform distributions 168 

describing the fraction of the hand or portion of the hand used for hand-to-environmental 169 

surface and hand-to-facial mucosal membrane contacts (18), while micro-activity data and other 170 

exposure modeling studies informed the frequency of these contacts (2,14). It was assumed 171 

that the left or right hand would make contacts at the same rate (20). However, hand dominance 172 

has been demonstrated in another study (27) and was therefore explored in the sensitivity 173 

analyses. 174 



Sensitivity Analyses 175 

 The effects of assumptions regarding the relative frequencies of hand-to-large vs. hand-176 

to-small environmental surface contacts and of fingertip-to-environmental surface vs. non-177 

fingertip-to-environmental surface contacts on estimated doses were investigated through 178 

modification of Model D, where there are separate compartments for the two fomites and 179 

separate compartments for the fingertip and non-fingertip areas of the hand (Table 2): 180 

• Model D1 involved equal numbers of hand contacts with the small and large 181 

environmental surfaces, where 1/3 of contacts were made with the fingertips and 2/3 182 

were made with the non-fingertip area. 183 

• Model D2 involved equal numbers of hand contacts with the small and large 184 

environmental surfaces (as in Model D1), where 2/3 of the contacts were made with the 185 

fingertip and 1/3 were made with the non-fingertip area. 186 

• Model D3 involved 2/3 of hand-to-environmental surface contacts being made with the 187 

large environmental surface and 1/3 with the small environmental surface, where 1/3 of 188 

contacts were made with the fingertips and 2/3 were made with the non-fingertip area 189 

(as in Model D1). 190 

• Model D4 involved 2/3 of hand-to-environmental surface contacts being with the large 191 

environmental surface and 1/3 with the small environmental surface (as in Model D3), 192 

where 2/3 of the contacts were made with the fingertip and 1/3 were made with the non-193 

fingertip area (as in Model D2). 194 

Hand dominance many influence contact patterns (27), and this was explored by using 195 

states 3 and 4 in Model D (Figure 1) to represent “hand 1” and “hand 2,” respectively, rather 196 

than the fingertip and non-fingertip areas (Table 2). In these analyses, the total number of hand 197 

contacts with environmental surfaces was equal to that of the other models. Specifically, 198 



• Model D5 involved equal numbers of contacts by hand 1 and hand 2 with environmental 199 

surfaces.  200 

• Model D6 involved 10/90 split between hand 1 and hand 2 in contacts with 201 

environmental surfaces.  202 

Results 203 

Having separate compartments for different hand areas and fomite areas resulted in the 204 

largest dose, where the mean estimated dose for model D was 42.9 times, 25.5 times, and 2.7 205 

times greater than those for models A, B, and C, respectively (Figures 2 and S1 A; Table S1). 206 

Between a single change in either separate compartments for hands or separate compartments 207 

for fomites, it appears that separate compartment for fomites had a larger influence on dose, 208 

where the mean estimated dose for model C (separate compartments for fomites, single 209 

compartment for non-fingertip and fingertip hand areas) was 16.1 times greater than model A 210 

(single compartment for non-fingertip and fingertip hand areas), single compartment for 211 

fomites), while the mean estimated dose for model B (single compartment for fomites, separate 212 

compartment for non-fingertip and fingertip hand areas) was 1.7 times greater than model A 213 

(Figures 2 and S1A; Table S1).  214 

When the environmental surfaces are treated as a single compartment (such as in 215 

models A and B), the starting concentration on the small environmental surface, which is 216 

assumed to be more contaminated, is diluted, as virus is “spread evenly” across the total small 217 

and large environmental surface area. To investigate the effect of the assumed contamination 218 

on the small environmental surface on dose, model D was simulated with a range of initial 219 

concentrations on the small environmental surface. When the initial concentration was smaller, 220 

smaller doses were observed (Figure 3), which were similar to the mean doses estimated with 221 

models A and B. When 50% of the viral particles were on the small environmental surface to 222 

start (1 viral particles/cm2 on the small and 0.005 viral particles/cm2 on the large environmental 223 

surface), larger doses, such as those for models C and D, were observed (Figure 3), indicating 224 



that differences in dose for models A and B vs. models C and D were driven largely in part by 225 

assumed starting concentration on the surface.  226 

Concentrations on the fingertip and non-fingertip areas increased when the small 227 

environmental surface had a separate compartment from the large environmental surface 228 

(Figures S1 B and D). This was likely a function of the small environmental surface being more 229 

contaminated in terms of density (viral particles/cm2) than the large environmental surface at the 230 

start of the simulation (Table 1) and maintaining a relatively large concentration of virus over the 231 

simulation duration (Figure S1 D).  232 

Models D1-D4 demonstrate the influence of assumptions regarding relative contact 233 

frequencies with heterogeneously-contaminated environmental surfaces, and the frequency 234 

contacts with different parts of the hand on estimated doses (Figure 4). Equal contact frequency 235 

with large and small environmental surfaces, as opposed to more contacts with the large 236 

environmental surface) resulted in greater doses, where mean dose for models D1 and D2 were 237 

1.3 to 1.2 times greater than that of models D3 and D4, respectively (Table S1). This is due to 238 

the small environmental surface having a larger concentration of virus than the large 239 

environmental surface in these models (Table 1). More frequent use of the fingertips resulted in 240 

greater doses, where models D2 and D4 resulted in mean doses that were 2.4 times and 2.7 241 

times greater than models D1 and D3, respectively (Figure 4, Table S1). This was a logical 242 

outcome, because the fingertips were used for hand-to-facial mucosal membrane contacts, and 243 

thus contributed directly to dose.  244 

Models D5 and D6 demonstrate that assumptions regarding hand dominance can affect 245 

estimated doses, where heterogeneous use of hands may result in greater dose than when 246 

hands are used at an equal frequency (Figure 4). This assumes, however, that both hands 247 

contact the facial mucosal membranes and that hand dominance equally applies to hand 248 

contact behaviors with the facial mucosal membranes and environmental surfaces. 249 



Discussion 250 

Key Findings 251 

 Decisions regarding compartmentalization of portions of the hands and for 252 

environmental surfaces influenced dose, where doses were greatest when there were separate 253 

compartments for the fingertips, non-fingertip areas, and the two separate environmental 254 

surfaces (Figures 2; Table S1). The primary models indicate that separate compartments for 255 

fomites may have a larger impact on dose than separate compartments for fingertip and non-256 

fingertip hand areas. The effect of the compartments on dose is also influenced by 257 

heterogeneity of contamination between environmental surfaces (Figure 3), heterogeneity in 258 

contact frequencies between environmental surfaces, and the heterogeneity in frequency of 259 

contact with different parts of the hand (Figure 4). This is especially true when there is more 260 

frequent contact with the more contaminated environmental surface and more frequent use of 261 

the portion of the hand used for hand-to-facial mucosal membrane contacts (fingertips in this 262 

study) (Table 2; Figure 4).  263 

Heterogeneous Environmental Surface Contacts & Contamination 264 

 Heterogeneity in environmental surface contact frequencies has been demonstrated for 265 

children and adults. For example, Phan et al. reported that healthcare workers’ contacts with the 266 

patient were more frequent than with surrounding surfaces (e.g., tray table, bed, chair, etc.), 267 

which had more similar contact frequencies (28). In another study of healthcare workers, patient 268 

notes were touched more frequently than the blood pressure stand or telephone, for example 269 

(29). Heterogeneous environmental surface contact frequencies have been observed outside of 270 

healthcare contexts, where Beamer et al. demonstrated differences in contact frequencies 271 

and/or contact durations among material types for children’s micro-activities, where behaviors 272 

were also influenced by age and sex (20).  273 

Differences in contact frequency have implications for heterogeneity in contamination. 274 

Adams et al. demonstrated a positive, linear relationship between contact frequency and 275 



environmental surface contamination (30), implying that greater contacts with environmental 276 

surfaces may drive greater environmental surface contamination. This relationship supports the 277 

assumption in our model regarding a greater contact frequency with the more contaminated 278 

environmental surface, implying that separate compartments for environmental surfaces and 279 

consideration of heterogeneous contacts with environmental surfaces may be superior to using 280 

a single compartment and assuming a single hand-to-environmental surface contact rate. 281 

However, greater contact frequency does not always relate to greater environmental surface 282 

contamination, such as in cases where hand hygiene is conducted more regularly before certain 283 

environmental surface contacts than others (30). More accessible surfaces that are touched 284 

more often may also be cleaned, sanitized, or disinfected more often. Because microbes 285 

transfer in both directions upon contact and according to a concentration gradient (31), a 286 

positive relationship between environmental surface contact frequency and environmental 287 

surface contamination implies that the hands are, on average, likely more contaminated than 288 

the environmental surface in contexts where that relationship holds, where hands are 289 

transferring virus to the surfaces. 290 

While heterogeneity of contacts and contamination of environmental surfaces affects 291 

estimated dose and is important to consider in designing models and creating compartments, 292 

contact frequencies and environmental surface contamination are likely to be highly context 293 

specific. It may be challenging to determine how heterogeneous contact frequencies or 294 

contamination among environmental surfaces are expected to be, motivating the need to collect 295 

scenario-specific human behavior data to inform exposure and risk assessments. 296 

Hand Configurations 297 

 The representation of parts of the hand by multiple compartments has important 298 

implications for estimation of dose (Figures 2 and 4), particularly when contacts with the point of 299 

exposure (e.g., facial mucous membranes) involve only a portion of the hand. However, as for 300 

many other model parameters, lack of data can affect implementation. For example, transfer of 301 



micro-organisms may vary across the hand owing to skin moisture and topography, contact 302 

angle, pressure, and average duration of contact, but studies of microbial transfer efficiency 303 

have focused only on fingertip contacts (31–35). More data exist for chemicals, such as 304 

pesticide transfer during dry and wetted palm press contacts (36) and transfer of fluorescent 305 

markers during whole palm-side hand presses (37). Another challenge for both microbial and 306 

chemical contexts is lack of data regarding what types of hand configurations are used for 307 

specific types of contacts. As the models in our study show, differences in frequencies of use for 308 

different portions of the hand can have effects on estimated doses (Figure 4). In this study, it is 309 

assumed that fingertips are used for hand-to-face contacts, which does not capture moments 310 

where the side of a finger may be used to rub an eye, nose, or area of the mouth. To our 311 

knowledge, data describing specific parts of the finger used for hand-to-face contacts for adults 312 

are unavailable. Future data addressing this distinction could inform new compartment 313 

strategies, such as a “finger” compartment as opposed to “fingertip,” or separate compartments 314 

for the fingertip and other areas of the finger that may be used for hand-to-face contacts. 315 

Hand Dominance 316 

 Hand dominance was found to impact dose estimates, where doses were greater when 317 

one hand was used more frequently than the other for all types of contacts (model D6) 318 

compared to equal use of both hands (model D5) (Figure 4). While these results demonstrate 319 

the importance of accounting for hand dominance, there are limited data about the order in 320 

which right and left hand or dominant hand and non-dominant hand contacts are made, and 321 

results regarding the relative frequency of using one hand vs. another are inconsistent (20,27). 322 

While the models in this study assumed that hand dominance applied to both environmental 323 

surfaces and hand-to-face contacts, Zhang et al. demonstrated that the non-dominant hand may 324 

be used more frequently for hand-to-face contacts in office settings (27). It may be that 325 

preference or efficiency, rather than dominance, drives the contact pattern, at least in some 326 

scenarios (38). Regardless, if the distribution of hand-to-face contacts between the hands differs 327 



from the distribution of hand-to-surface contacts, lower doses may result than those estimated 328 

by models that assume either equal use of the hands or more frequent hand-to-face contacts 329 

with the dominant hand, which would have a greater viral load (Figure 4). More data are needed 330 

to better describe heterogeneity in hand use, as more heterogeneous use of hands and parts of 331 

the hand may indicate greater bias in estimates of dose for models that do not account for hand 332 

dominance and preference (Figure 4). 333 

Conclusions 334 

 Based on differences in estimated doses, it is recommended that separate 335 

compartments are used for environmental surfaces and portions of the hand, especially when 336 

1.) heterogeneous contact frequencies and contamination levels with environmental surfaces 337 

are expected, 2.) contact frequencies of different portions of the hand are expected, and 3.) data 338 

are available to inform these microbial concentration and behavior parameters. An additional 339 

improvement would be to specify between right and left fingertip and non-fingertip areas of the 340 

hand to address hand preference and dominance in contacts. However, it may be difficult to 341 

anticipate the level of heterogeneity of contamination or contact frequencies and hand 342 

preference or dominance, because this may be highly task- or context-specific.  343 

The findings of this study can be bolstered in future work with real-world data to validate 344 

the comparisons between models. However, with or without real-world data, it should be 345 

considered which model is likely more representative of the exposure mechanisms at play. 346 

Future studies gathering temporal data describing frequency of contact with different fomites, 347 

what specific areas of fomites are touched, and concentration changes across individual fomites 348 

and hands would be useful for further elucidating these mechanisms and exploring more 349 

complex scenarios (more fomites, multiple individuals). Additionally, mechanisms for chemical 350 

fomite-mediated exposure may differ, considering dermal absorption, differences in dynamics of 351 

transfer to fomites as opposed to from fomites relative to microbial transfer, and fomites serving 352 



as sources, in some cases. Future studies should explore how compartmentalization decisions 353 

in fomite modeling affect chemical dose and microbial dose estimates. 354 
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Table 1. Model parameters, their distributions, and literature sources 495 

Model Parameter Variable Distribution/Point 
Value Source 

All 
Models 

Duration - 20 min Assumed 
Hand-to-environmental surface 

transfer efficiency 
(fraction) 

𝑇𝑇𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Triangular 
(min=0.01, mode= 
0.208, max=0.406) 

(32) 
Environmental surface-to-hand 

transfer efficiency (fraction) 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,ℎ𝑎𝑎𝑎𝑎𝑎𝑎 

Hand-to-facial mucous 
membrane transfer efficiency 

(fraction) 
𝑇𝑇𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓 

Normal 
(mean=0.3390, 

sd=0.1318) 
 

Range 0 to 1 

(33) 

Inactivation rate on 
environmental surfaces 

(hr-1) 
𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Uniform 

(min=0.10, max=0.12) (39) 

Inactivation rate on skin 
(hr-1) 𝑘𝑘𝑎𝑎𝑠𝑠𝑓𝑓𝑎𝑎 Uniform 

(min=0.05, max=0.77) (40) 

Hand-to-face contact frequency* 
(contacts/min) 𝐻𝐻𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓 

Normal 
(mean=14.0, sd=5.4), 

contacts/hr 
 

Range 0 to 30 

(2) 

A & B 

Total environmental surface area 
(cm2) 𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎 20,100 Assumed 

Initial amount of virus on 
environmental surfaces (viral 

particles) 
- 200 Assumed 

A & C 

Total single hand surface area 
(cm2) 𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎 Uniform 

(min=445, max=535) (14,41) 

Fraction of hand used for hand-
to-environmental surface contact 𝑆𝑆𝐻𝐻,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

Uniform 
(min=0.008, 
max=0.25) 

(18) 

Fraction of hand used for hand-
to-face contact 𝑆𝑆𝐻𝐻,𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓 

Uniform 
(min=0.008, 
max=0.012) 

(18) 

Hand-to-environmental surface 
contact frequency 
(contacts/min)** 

𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎 
Lognormal  

(GM = 4.1, GSD=1.6) (14) 

B only 

Fingertip-to-environmental 
surface contact frequency 

(contacts/min) 
𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎,𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎 

1/2 of  
Lognormal  

(GM = 4.1, GSD=1.6) 
Total 

contact 
frequency 

(2); 
Fractions 
assumed 

Non-fingertip-hand-to-
environmental surface contact 

frequency 
(contacts/min) 

𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎,𝑎𝑎𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
1/2 of 

Lognormal  
(GM = 4.1, GSD=1.6) 

B & D Fraction of fingertips used in 
fingertip-to-face contact 𝑆𝑆𝐹𝐹,𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓 0.2 Assumed 



Fraction of fingertips used in 
fingertip-to-environmental surface 

contact 
𝑆𝑆𝐹𝐹,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

Uniform 
(min=0.2, max=1) Assumed 

Fraction of the non-fingertip hand 
area used in non-fingertip hand-
to-environmental surface contact 

𝑆𝑆𝑁𝑁𝐹𝐹,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Uniform 
(min=0.03, max=0.18) (14,18,41) 

Combined fingertip surface area 
(cm2) 𝑆𝑆𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎 

Uniform 
(min=17.8, max=32.1) 

(14,18,41) Non-fingertip hand area 
(cm2) 𝑆𝑆𝑎𝑎𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

Uniform 
(min=412.9, 
max=517.2) 

C & D 

Initial number of viruses on small 
environmental surface  

(viral particles) 
- 100 Assumed 

Initial number of viruses on large 
environmental surface 

(viral particles) 
- 100 Assumed 

Small environmental surface 
(doorknob) surface area 

(cm2) 
𝑆𝑆𝑆𝑆𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 100 Assumed 

Large environmental surface 
(table) surface area (cm2) 𝑆𝑆𝑆𝑆𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 20,000 Assumed 

D Only 

Fingertip-to-small or non-
fingertip-to-small environmental 

surface contact frequency 
(contacts/min) 

𝐻𝐻𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎 
1/2 of 2/3 of 
Lognormal  

(GM = 4.1, GSD=1.6) 

 

Total 
contact 

frequency 
(2); 

Fractions 
assumed 

Fingertip-to-large or non-fingertip-
to-large environmental surface 

contact frequency 
(contacts/min) 

𝐻𝐻𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎 
1/2 of 1/3 of 
Lognormal  

(GM = 4.1, GSD=1.6) 

*Hand-to-face contact frequency is equal to fingertip-to-face contact frequency in Models B and 496 
C; **This contact frequency describes contact with either hand. In all primary models, because 497 
one compartment was used for right and left hands (model A) or right and left fingertip areas 498 
and right and left non-fingertip areas (models B and C), randomly sampled contact frequencies 499 
were divided by 2 assuming each hand contributed 50% of the total contact frequencies 500 
represented by this distribution. 501 

 502 

 503 

 504 

  505 



Table 2. Sensitivity analysis (SA) model descriptions* 506 

Contact Frequency Sensitivity Analysis 
 Relative Environmental surface Contact Frequency 

Large: 1/2, Small: 1/2 Large: 2/3, Small: 1/3 
Relative Hand-
Area-Specific 

Contact 
Frequency 

Fingertip: 1/3, 
Non-fingertip: 

2/3 
Model D1 Model D3 

Fingertip: 2/3, 
Non-fingertip: 

1/3 
Model D2 Model D4 

Hand Dominance Sensitivity Analysis  
Fraction of Total 

Surface and Face 
Contacts 

Hand 1: 1/2 
Hand 2: 1/2 Model D5 

Hand 1: 1/10 
Hand 2: 9/10 Model D6 

 507 
*For the sensitivity analysis exploring relative contact frequencies between hand areas and 508 
environmental surfaces, two relative environmental surface contact frequency scenarios were 509 
explored: 1.) contact frequency for the large environmental surface was equal to contact 510 
frequency with the small environmental surface, and 2.) contact frequency with the large 511 
environmental surface accounted for 2/3 of environmental surface contacts while the small 512 
environmental surface accounted for the other third. Two relative hand-area-specific contact 513 
frequencies were explored: 1.) the fingers were used for 1/3 of environmental surface contacts 514 
and non-fingers were used for 2/3, and 2.) the fingers were used for 2/3 of environmental 515 
surface contacts and non-fingers were used for 1/3. The combinations of these scenarios were 516 
used to inform 4 sensitivity analysis models: models D1-D4. For comparison, in primary model 517 
D, the large fomite was touched 1/3 of the time while the small fomite was touched 2/3 of the 518 
time, and the fingertip and non-fingertip areas were used equally. Hand dominance was then 519 
explored with a modified version of Model D with separate compartments for each hand. A 520 
50:50 and 10:90 split of one hand used over another were explored: models D5 and D6. For 521 
comparison, models A and C assume equal contact of fomites with the right and left hands via 522 
use of a single compartment for hands. Models B and D also assume equal contacts between 523 
the right and left fingertip or non-fingertip hand areas but are not comparable to models D5 and 524 
D6 due to the compartments being for fingertip or non-fingertip hand areas, specifically. 525 
  526 



    527 

Figure 2. Distributions of estimated doses for primary models A, B, C, and D. The 3 horizontal 528 
lines indicate the 25th, 50th, and 75th quantiles and the points indicate the means* 529 

 530 

*Doses are below 1 in some cases because these estimated doses represent an average of the 531 
dose over the simulation duration, taking into account variability and uncertainty in exposure-532 
related parameters transitions of virus between compartments. 533 

 534 

 535 

 536 

  537 



 538 

 539 

Figure 3. Demonstration of how the compartment approach influences virus contamination on 540 
the small environmental surface, explaining, in part, differences in average dose across models. 541 
Results from primary models are shown (blue square = model A, yellow diamond = model B, 542 
turquoise square= model C, grey diamond=model D). 543 

 544 

This represents estimated doses using Model D, where the starting concentration on the small 545 
fomite is allowed to vary to demonstrate that differences in models C and D vs. models A and B 546 
are, in part, described by how the compartmentalization affects the assumed viral concentration 547 
on the small and more frequently contacted fomite. For models C and D, virus contamination on 548 
the large environmental surface is 0.005 particles/cm2 and 1 particle/cm2 on the small surface. 549 
For models A and B, virus concentration across both the small and large environmental 550 
surfaces is approximately 0.01 particles/cm2. This equates to the same number of viral particles 551 
per total surface area of fomites (200 viral particles/20,100 cm2). Doses are below 1 in some 552 
cases because these estimated doses represent an average of the dose over the simulation 553 
duration, considering variability and uncertainty in exposure-related parameters transitions of 554 
virus between compartments. 555 

 556 

 557 

 558 

 559 



 

  

  
 560 

Figure 4. Results from sensitivity analyses. A) Estimated dose for sensitivity analysis models 561 
D1-D4, B) Estimated dose for sensitivity analysis of hand dominance models D5-D6, C) 562 
Concentration on hands 1 and 2 for sensitivity analysis models D5 and D6, where D5 results 563 
overlap for the two hands. In the violin plots, the 3 horizontal lines indicate the 25th, 50th, and 564 
75th quantiles and the points indicate the means* 565 



* Doses are below 1 in some cases because these estimated doses represent an average of the 566 
dose over the simulation duration, taking into account variability and uncertainty in exposure-567 
related parameters and transitions of virus between compartments. 568 
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