
1 
 

Performance Failures in Commercial Hand Dryers: 
An Historical Synthesis and Sequential Summary 
Review of an Eleven-Study Research Program 
 

Ronald A. Blouch Jr. 

January 2026 

DOI: 10.5281/zenodo.18322481 
 

Abstract 

This paper synthesizes findings from ten studies describing multiple field experiments 
conducted between August 2023 and December 2025 examining commercial hand dryer 
performance in functioning public restrooms. What began as a single observation—visible 
mold growing on restroom walls beneath hand dryers—evolved into the most 
comprehensive independent assessment of hand dryer claims in the published literature. 
Each study arose organically from questions raised by preceding work: microbial testing 
revealed hands remained wet at claimed drying times; moisture testing revealed water 
dispersed onto walls and users; timing analysis revealed universal failure across 
manufacturers; energy calculations required revision when timing claims proved false. 

The research documents systematic failure across every performance dimension 
examined. Hand dryers amplified bacterial and fungal contamination in 136 of 136 tests 
(100%, p < 10⁻⁴¹), with median amplification of 50–110× over ambient air. Drying time 
specifications proved universally false: devices required 70–90 seconds to achieve 
claimed dryness thresholds versus advertised 8–12 seconds, producing proportional 
errors in energy consumption and CO₂ emission claims. Dispersal-type hand dryers 
showed visible mold colonization in 100% of installations (50/50). A central discovery 
emerged: water on hands exists in two states—loose water that disperses rapidly under air 
shear (creating the visible spray that contaminates walls, floors, and users) and bound 
water held by capillary action that resists removal regardless of engineering approach. 
Manufacturers measure loose water removal and call it drying; users need bound water 
removal, which requires 70–90 seconds. The gap is 7–10×. Performance curves across 
three manufacturers demonstrated near-perfect correlation (r > 0.99), establishing that 
limitations are physical rather than engineering variations. White paper towels emerged as 
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the evidence-based alternative, with contamination levels statistically equivalent to 
ambient air while providing immediate drying through absorption rather than dispersal.  

The research program's organic development—each study answering questions forced by 
the findings of the one before—instantiates established patterns in philosophy of science: 
Chang's epistemic iteration, Peircean abductive logic, and Lakatos's criterion for 
progressive research programs, including a pre-registered prediction documented 
December 4, 2025 and confirmed December 5, 2025. Complete chain-of-custody 
documentation—comprising 1.3 TB across approximately 13,000 files—is archived with 
registered DOIs through Zenodo and Harvard Dataverse. 

 
This paper is part of an eleven-study series examining hand hygiene practices in public 
restrooms. The papers were written in chronological order as testing evolved. Earlier 
papers are left largely as they were written at the time for detail, historicity, and clarity.  
Studies in this series may be referenced in each document by series number (Paper 1-11) 
or by citation number in the reference list: 

Transmission of Bacteria and Fungus via Dyson and Xlerator Hand Dryers in Starbucks, 
Home Depot and Whole Foods Restrooms: A Comparative Analysis; Blouch, R. A. Jr. (2025)  
MAIN STUDY [Preprint] Retrieved from www.handdryerstudy.com/. DOI: 
10.5281/zenodo.15504115 PAPER [1] 

Testing the Validity of Hand Dryer Drying Time Specifications: A Quantitative Study of 
Residual Water on Dyson and Xlerator Dryers in Retail Store Environments; Blouch, R. A. Jr. 
(2025) [Preprint] Retrieved from www.handdryerstudy.com/. DOI: 
10.5281/zenodo.15503698 PAPER [2] 

Visual Analysis of Water Dispersion Patterns During Hand Drying: A Qualitative Comparison 
of High-Speed Air Dryers and Paper Towels; Blouch, R. A. Jr. (2025)  [Preprint] Retrieved 
from www.handdryerstudy.com/.  DOI: 10.5281/zenodo.15503304 PAPER [3] 

Bacterial and Fungal Contamination Assessment of Paper Towel Types: A Quantitative 
Analysis of White versus Brown Varieties in Retail Restrooms; Blouch, R. A. Jr. (2025) 
[Preprint] Retrieved from www.handdryerstudy.com/. DOI: 10.5281/zenodo.15504144 
PAPER [4] 

Systematic Performance Failure in Commercial Hand Dryers: A Large-Scale Quantitative 
Analysis of Time-To-Dry on Hands in Dyson and Xlerator Hand Dryers in Public Restrooms; 
Blouch, R.A Jr. (2025)  [Preprint] Retrieved from www.handdryerstudy.com/. DOI: 
10.5281/zenodo.17858443 PAPER [5] 

Baseline Water Mass on Freshly Washed Hands: Establishing Reference Values; Blouch R. 
A. Jr. (2025)  [Preprint] Retrieved from www.handdryerstudy.com/. DOI: 
10.5281/zenodo.17858834 PAPER [6] 
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An Empirical Refutation of Green Energy Claims for Dyson and Xlerator Hand Dryers in Use 
in Public Restrooms; Blouch, R. A. Jr. (2025)  [Preprint] Retrieved from 
www.handdryerstudy.com/. DOI: 10.5281/zenodo.17859198 PAPER [7] 

Catastrophic Time-To-Dry Failures by Dyson, Excel and World Dryer Hand Dryers via the Bi-
Modal Loose Water and Bound Water Mechanism: A Comprehensive Definitive Analysis; 
Blouch, R. A. Jr. (2025) [Preprint] Retrieved from www.handdryerstudy.com/. DOI: 
10.5281/zenodo.17869567 PAPER [8] 

Validation of Hand Dryer Microbial Amplification Using Broad-Spectrum Growth Media: A 
Replication Study with Enhanced Detection Methodology; Blouch, R. A. Jr. (2025)  [Preprint] 
Retrieved from www.handdryerstudy.com/. DOI: 10.5281/zenodo.17859894 PAPER [9] 

The Wandering Plume of Filth: A Randomized, Empirical Assessment of Visible Wall 
Contamination Radiating from Commercial Hand Dryers Versus Paper Towel Dispensers in 
Functioning Public Restrooms; Blouch, R. A. Jr. (2025) [Preprint] Retrieved from 
www.handdryerstudy.com/. DOI: 10.5281/zenodo.17860971 PAPER [10] 

Performance Failures in Commercial Hand Dryers: An Historical Synthesis and Sequential 
Summary Review of an Eleven-Study Research Program; Blouch, R. A. Jr. (2025) [Preprint] 
Retrieved from www.handdryerstudy.com/. DOI: 10.5281/zenodo.18322481 PAPER [11] 

 
1. Introduction 

This document summarizes and synthesizes the findings and methods that arose during 
the experimentation done for what unexpectedly became a ten-study research program 
examining commercial hand dryer performance, conducted from September 2023 through 
December 2025. This eleventh study completes the series and offers novel context missing 
from the prior ten. The research began with a random observation during public restroom 
use: visible mold growing on restroom walls beneath hand dryers. That observation 
prompted a question—could the contamination be measured?—which led to the first petri 
dish test, which revealed contamination levels so striking that systematic investigation 
became necessary. 
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Figure 1. Four LB agar petri dishes sampled at Starbucks on the Cumberland Parkway in 
Mechanicsburg, PA on September 15, 2023. Room air outside the restroom, room air inside the 

restroom directly in front of the hand dryer, an unopened control dish, and output dryer jet air as if 
the user was drying his hands. 

 

Each study that followed arose organically from questions raised by the preceding work. 
Microbial testing revealed hands were still wet at manufacturer-specified drying times—
prompting residual moisture studies. Moisture studies revealed water spraying onto 
walls—prompting visual dispersion documentation. Drying time failures revealed energy 
and environmental claims built on those times must also fail—prompting lifecycle 
analysis. The pattern of one finding generating the next question continued across all ten 
papers. 

The research encompasses approximately 1,500 individual measurements across more 
than 200 retail locations in five states and Washington D.C. Initial findings from 18 months 
of field testing were subsequently validated through a refined 126-store testing program 
using enhanced detection methodology—confirming and amplifying all prior results. 
Methodology evolved throughout, with each study refining protocols based on lessons 
learned from earlier work. Complete video chain of custody documents every sample from 
collection through analysis. Independent laboratory confirmation (EPA Laboratory ID: 
VA01419) validates key findings. Three major hand dryer manufacturers—Dyson, Excel 
Dryer (Xlerator), and World Dryer—are represented in the testing. 
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We had the thought that the organic process that occurred above must already be 
understood and possibly detailed so we engaged Claude AI, Opus 4.5, Anthropic to help us 
understand why processes like these are actually science. We experienced them daily for 
2.5 years as each phase demanded the next but we wanted to know how scientific 
philosophers think about them and we were not disappointed. We will detail his findings 
below but we discovered we were not wrong and, briefly, here is the structure:   

The research follows what philosopher Hasok Chang calls epistemic iteration—each 
study's limitations becoming the next study's design criteria. The progression from 
surprising observation (mold) to hypothesis (amplification) to testing exemplifies Peircean 
abductive logic. Under Lakatos's criterion for progressive research programs, the pre-
registered December 4 prediction confirmed December 5 satisfies the requirement that 
science produce confirmed novel facts rather than merely explain known ones. And the 
entire ten-study arc matches what Steinle and Burian term exploratory experimentation—
"chains, series, or networks of experiments" conducted when no prior theoretical 
framework exists. 

Science is a process and anyone with the stamina to read all 11 papers in order can see it 
occur organically as it happened, each step of the way because we chose to leave each 
paper as written at the time it was written rather than homogenize them into a generic, 
traditionally written mass that eliminates the flavor of each remarkable finding as it 
occurred. 
 

2. The Research Program 

 

Paper 1: Microbial Amplification Study 
 
We wanted to know whether commercial hand dryers amplify or reduce microbial 
contamination compared to ambient restroom air. Manufacturers claimed HEPA filtration 
delivered 99.97% filtered air, implying dryer output should be cleaner than the surrounding 
environment. The methodology was a paired comparison: one petri dish exposed to room 
air near the dryer for sixty seconds, another exposed to dryer output air for sixty seconds, 
both incubated and hand-counted. Testing spanned eighteen months across 
approximately 110 retail locations in four Mid-Atlantic states and Washington D.C., 
producing roughly 700 petri dishes with 27,752 enumerated colonies. Control dishes 
remained sterile throughout—zero colonies across the entire study—validating the 
sampling technique. 
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Every dryer tested amplified contamination. Of 87 valid paired tests, 87 showed higher 
organism counts in dryer output than ambient air—a 100% amplification rate with zero 
reductions. Median amplification was 49.6 times ambient levels. Dyson and Xlerator 
showed no significant difference from each other. Brand-new dryers in a pristine newly-
constructed facility with zero detectable ambient contamination immediately produced 45 
colony-forming units per dish, establishing that contamination was inherent to operation 
rather than age or maintenance. Supplementary multi-media testing revealed that the LB 
agar used captured only 48.7% of viable organisms—all findings were conservative. During 
testing, a persistent secondary observation emerged: hands dried for manufacturer-
specified times of 8–12 seconds remained visibly wet. 

 

Figure 2. Microbial amplification: ambient room air versus hand dryer output. Petri dishes exposed 
to ambient restroom air (left panels) compared to dishes exposed to hand dryer output air (right 
panels) from the same locations. Ambient air samples show minimal colony formation (median 1–2 
CFU); dryer output samples show dense contamination (median 67–200 CFU). Combined across 
all studies: 136/136 tests (100%) showed amplification, p < 10⁻⁴¹ 
 

Central Question: Does the air coming out of a commercial hand dryer contain more or 
fewer microorganisms than the room air surrounding it?  

Prioritized Findings: 
• 100% amplification rate — 87/87 tests showed dryer air more contaminated than 

ambient 
– p < 0.001, effect size r = 0.89 
– Zero tests showed reduction or equivalence 

• Magnitude: 49.6× median amplification 
– Ambient: mean 1.78 CFU, median 1 CFU 
– Dryer: median 67 CFU, mean 88.08 CFU, IQR 34-104 CFU, range 9-385 CFU 

• No brand difference — Dyson and Xlerator statistically equivalent 
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– Dyson median 68 CFU, Xlerator median 74 CFU 
– Mann-Whitney p = 0.803 

• High-exposure frequency — 27.6% of samples exceeded 100 CFU 
– Risk bands: Low (<50 CFU): 40.2%, Moderate (50-99): 32.2%, High (100-150): 

16.1%, Extreme (>150): 11.5% 
• Contamination is intrinsic — new facility testing 

– Brand-new dryers, pristine restrooms, zero ambient CFU → still 45 CFU 
median from dryer 

– Progressive increase over first month of operation 
• Conservative estimates — LB agar captures only 48.7% of viable organisms 

– Multi-media testing confirms majority of organisms missed 
– Single incubation temperature further limits detection 

• Perfect control results — 0 CFU across entire 18-month study 
– Validates methodology, eliminates contamination artifacts 

• Independent methodology validation 
1. Ambient results match prior published research (Best 2018, Huesca-Espitia 

2018) 
2. z = -1.03, p = 0.31 (statistically indistinguishable) 

Study scope: 18 months, ~110 locations, 4 states + DC, ~700 dishes collected, 488 
analyzed, 27,752 CFU hand-counted 

 

Paper 2: Drying Time Validation 

During the microbial sampling described in Paper 1, we consistently observed that hands 
dried for manufacturer-specified times remained visibly wet. Manufacturers make precise 
claims: Dyson specifies 10–12 seconds to achieve ≤0.1g residual moisture; Xlerator 
specifies 8 seconds to achieve ≤0.25g. These specifications form the foundation for energy 
calculations, cost projections, hygiene claims, and environmental comparisons to paper 
towels. We designed a test to quantify what we were seeing. Hands were washed, dried 
with pre-weighed paper towels to establish baseline water mass, washed again, dried in 
the hand dryer for the manufacturer-specified time, then dried with fresh pre-weighed 
towels to capture remaining moisture. The difference in towel weight equaled residual 
water. After completing the protocol, we discovered it matched the Underwriters 
Laboratories Product Category Rules testing methodology exactly—a blind convergence 
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with the certification authority's own approach. Testing covered 21 hand dryers (10 Dyson, 
11 Xlerator) across Central Pennsylvania over two days in March 2025. 

Zero of 21 dryers achieved the claimed dryness threshold. Average residual moisture was 
2.83g—exceeding manufacturer claims by 744% to 3,540%. The best-performing dryer left 
2.11g of water on hands, still 8.4 times the threshold. The worst left 3.64g, more than 36 
times Dyson's claimed 0.1g specification. Statistical analysis confirmed the finding was 
not measurement error: t(20) = 22.91, p < 0.001, Cohen's d = 5.00. The specification failed 
100% of the time, and every downstream claim built on that specification—energy 
consumption, cost savings, hygiene outcomes, environmental comparisons—was 
therefore compromised. But a question remained: if hands retain nearly 3 grams of water 
after the claimed drying time, and the dryers clearly move water off hands during 
operation, where does that water go? 

 

Figure 3. Residual water on hands at manufacturer-specified drying times. Comparison of certified 
performance claims (Dyson: ≤0.1g at 12 seconds; Xlerator: ≤0.25g at 8 seconds) versus actual 
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measured residual moisture. All dryers tested exceeded claimed thresholds by 744%–3,540%. 
Best-performing unit was 8.4× threshold; worst was 36.4× threshold. t(20) = 22.91, p < 0.001, 

Cohen's d = 5.00. 
 

Central Question: During microbial sampling, hands dried for manufacturer-specified 
times were visibly wet. Do functioning dryers in working public restrooms meet their own 
certified specifications? 

Prioritized Findings: 
• 0% compliance at claimed drying times — 0/21 units achieved specification 

– t(20) = 22.91, p < 0.001, Cohen’s d = 5.00 
– Not a single dryer met its own manufacturer’s claimed threshold 

• Magnitude of failure: mean 2.83g residual vs ≤0.25g claimed 
– 95% CI: 2.61–3.05g 
– Mean exceedance: +1,032% above threshold (range 744%–3,540%) 
– Best-performing dryer still left 2.11g (8.4× threshold) 
– Worst left 3.64g (36.4× threshold) 

• Brand-specific performance against own claims: 
– Dyson (n=10): mean 2.69g vs 0.1g claim = 26.9× over threshold (range 18.0×–

36.4×) 
– Xlerator (n=11): mean 2.97g vs 0.25g claim = 11.9× over threshold (range 

8.4×–14.9×) 
• Methodology aligned with industry protocols 

– Testing followed UL PCR Hand Dryer methodology (ULE_HandDryer_PCR_7-
13-16) 

– Same approach certifiers use to validate manufacturer claims 
• Downstream implications — every claim built on drying time specification fails: 

– Energy calculations assume 8-12 seconds 
– Cost projections assume 8-12 seconds 
– Hygiene claims assume ≤0.25g “dry” threshold achieved 
– Environmental comparisons to paper towels assume accurate 

specifications 
• Public health context — Patrick et al. established wet hands transfer up to 500× 

more bacteria than dry hands 
1. Users face impossible choice: leave wet (increased bacterial transfer) or 

stay longer (increased microbial exposure from dryer) 
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Study scope: 21 dryers (10 Dyson, 11 Xlerator), 9 locations, tested March 6-7, 2025. 
Locations: Starbucks, Crunch Fitness, Giant, Home Depot, REI, Target, Chipotle, 7-Eleven. 

Origin: Observation during Paper 1 microbial testing — hands dried for specified times 
were visibly wet. 

 

Paper 3: Water Dispersion Visual Study 

Paper 2 established that dryers fail to dry hands at claimed times, leaving nearly 3 grams of 
water after manufacturer-specified durations. But dryers clearly move water during 
operation—the question was where it goes. We searched manufacturer documentation, 
marketing materials, and technical specifications from Dyson, Excel Dryer, and their 
certifying organizations. The result: zero statements anywhere about the destination of 
water after air jets strike it. Excel Dryer's only comment was that water "drips onto the 
floor, where it evaporates naturally." To document what actually occurs, we used high-
speed videography at 1,000 frames per second under controlled lighting optimized for 
droplet visibility. Ten complete drying trials were recorded for each method—hand dryers 
in commercial restrooms and paper towels in a controlled studio with matched lighting. 
The videos became the data. 

The contrast was categorical. Hand dryers produced dense clouds of visible droplets 
surrounding hands during operation, with substantial lateral dispersion, droplets 
remaining airborne for three or more seconds, and consistent accumulation on walls, 
floors, and users' clothing—forearms, torso, thighs, even faces. Paper towels showed few 
to no visible droplets; moisture was absorbed into the towel material and contained for 
disposal. Established aerosol science indicates that for every visible droplet captured on 
video (≥40 μm), high-shear processes generate 100–10,000 invisible aerosols (≤5 μm) that 
remain airborne for minutes to hours. The videos document the visible fraction of a much 
larger dispersion event. At 150 million daily U.S. hand dryer uses with 7.30 grams of water 
per use, this represents 4.6 million cups of water sprayed into public restrooms daily—1.7 
billion cups annually. Paper towels disperse effectively zero. This study introduced a 
functional taxonomy: dispersal-type dryers remove water by blowing it into the 
environment; capture-type devices absorb or collect it for disposal. The taxonomy clarified 
what manufacturer documentation had obscured. 

Central Question: During microbial testing it became clear that water from wet hands 
sprays onto walls, floors, and users. Where does water go after air jets strike it? What do 
manufacturers say about this? 
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Figure 4. Water dispersion patterns in dispersal-type hand dryers. Dyson Airblade (left) and World 
Dryer VerdeDri (right) installations showing characteristic plume patterns on walls and floors 

beneath devices. Water displaced from hands during operation settles on surrounding surfaces 
rather than evaporating. Manufacturer documentation contains zero statements addressing water 

destination after air jets strike it. 

 
Prioritized Findings: 

• Industry silence on water destination — foundational omission 
– Zero documentation from any manufacturer, certifier, or government agency 

addressing where water goes after air jets strike it 
– Excel Dryer’s only statement: water “drips onto the floor, where it evaporates 

naturally” 
– “You cannot specify, test, build, certify, and sell a product while never 

addressing the output of its input” 
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• The videos are the data — qualitative visual documentation 
– 10 trials each for dryers and paper towels 
– High-speed videography at 1000 frames per second 
– Controlled lighting optimized for droplet visibility 

• Observable dispersion patterns — dryers: 
– Dense cloud of visible droplets surrounding hands 
– Droplets remaining airborne 3+ seconds 
– Settling on walls, floor, fixtures 
– Backspray onto user’s clothing (forearms, torso, thighs/legs) 
– Intense downward and outward spray patterns 

• Observable dispersion patterns — paper towels: 
– Minimal to no visible droplet formation 
– Water absorbed and contained in disposable medium 
– Visible fiber shedding but rapid settling 

• Taxonomy introduced: Dispersal vs Capture 
– Dispersal-type dryers: remove water by high-velocity air that disperses it into 

environment (all Dyson Airblade, all Xlerator models) 
– Capture-type: collect water in reservoir or absorb it (paper towels) 

• Mass balance at population scale: 
– Mean 7.30g water on hands after washing (established in Paper 6) 
– 150 million US daily hand dryer uses 
– = 4.6 million cups of water dispersed into restrooms daily 
– = 1.7 billion cups annually 
– Paper towels disperse effectively zero 

• Aerosol science context: 
– Dryer air velocity: 400–640 km/h 
– High-shear processes create polydisperse sprays 
– True aerosols (≤5 μm) outnumber visible droplets (≥40 μm) by 100–10,000:1 
– Particles <5 μm remain airborne hours to days 
– “Physics cliff” at 1–2mm diameter separates rapid settling from extended 

suspension 
• Critique of Dyson’s supporting study (Gião & Vardoulakis 2022): 

1. Lead author: Dyson employee 
2. Co-author: Dyson Scientific Advisory Board member, received Dyson 

funding/honoraria 
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3. Study “financially supported by Dyson” with “funder involvement in 
conceptualization” 

4. Study’s own data: jet dryers produced ~2× more small respirable aerosols 
(0.3–0.5 μm) than paper towels 

5. “Equivalence” claim conflates wet liquid aerosols with dry paper fibers 

Study scope: Commercial restrooms (Starbucks, Whole Foods, Home Depot) for dryer 
tests; controlled studio for paper towel tests. Same camera settings, angles, and lighting 
optimization for both. 

Origin: Visual documentation of what was observed during microbial testing — water 
spraying onto walls, floor, and user. 

 

Paper 4: Paper Towel Contamination Study 

This study began as a control exercise. While sampling paper towel dispensers as 
comparators during hand dryer testing, we needed to determine whether paper towels 
themselves harbored microbial contamination. The intention was characterization, not 
comparison. Fresh towels were obtained from dispensers using normal methods, 
immediately pressed onto sterile agar plates for twenty seconds, incubated, and hand-
counted. Sampling covered 29 commercial locations—fast food restaurants, sit-down 
restaurants, hotels, retail stores, and service centers—between late December 2024 and 
early January 2025. The dataset comprised 18 white paper towel samples and 11 brown 
paper towel samples. 

The results were so striking that the research question shifted. White and brown paper 
towels showed complete distributional separation—a finding exceptionally rare in 
biological data. The 75th percentile of white towels (1 CFU) was lower than the 25th 
percentile of brown towels (11 CFU), with a 10 CFU gap between them and zero overlap. 
White towels were frequently sterile: 55.6% showed zero colonies, and when 
contamination was present it remained minimal at 1–2 CFU. Brown towels were universally 
contaminated: 100% showed growth, ranging from 6–41 CFU. Fisher's exact test confirmed 
significance at p < 0.003 with an effect size of Cohen's h = 1.671. Brown towels presented 
35.7 times higher average microbial exposure per use. Paper 1 had established ambient 
restroom air at mean 1.78 CFU. White paper towels met or exceeded this threshold—they 
were equal to or more sanitary than the restrooms they were in. The finding represented an 
immediately available, cost-neutral intervention: white and brown towels are comparably 
priced, requiring no infrastructure changes or user behavior modification. 
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Figure 5. Contamination comparison: ambient room air versus white paper towels. Petri dishes 
exposed to ambient restroom air (left) compared to dishes from white paper towel contact samples 
(right), 30 seconds each. White paper towels showed contamination levels statistically equivalent 
to ambient air (Wilcoxon W = 312, p = 0.23), with 29.3–55.6% of samples sterile and median 1 CFU. 
Ambient air: median 2 CFU. White paper towels meet or exceed the sanitary threshold of the 
restrooms they are in. 
 

Central Question: While sampling paper towel dispensers as controls during dryer testing, 
an unexpected pattern emerged. Do white and brown paper towels differ in microbial 
contamination? 

Prioritized Findings: 
• Complete distributional separation — white vs brown paper towels 

– White 75th percentile (1 CFU) < Brown 25th percentile (11 CFU) 
– Zero overlap between distributions 
– Non-overlapping 95% confidence intervals 
– “Exceptionally rare in biological data” 

• White towels: frequently sterile 
– 55.6% showed 0 CFU (sterile) 
– 44.4% showed 1–2 CFU 
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– Maximum: 2 CFU 
• Brown towels: universally contaminated 

– 0% sterile (100% contaminated) 
– Range: 6–41 CFU 
– Mean: 19.82 CFU 

• Effect size and statistical significance 
– Cohen’s h = 1.671 (one of the largest documented in hand hygiene research) 
– Fisher’s exact test: p < 0.003 
– 35.7× higher average microbial exposure from brown vs white 
– 2.25× higher contamination risk 

• Comparison to ambient room air 
– Paper 1 established ambient restroom air mean: 1.78 CFU 
– White paper towels meet or exceed this threshold 
– White towels equal to or more sanitary than the restrooms they’re in 

• Testing Method 
– Fresh towel from dispenser pressed onto LB agar plate for 20 seconds 
– Incubated at 90°F until mature; colonies counted manually 
– Video documentation for chain of custody 

• Practical implication 
1. Cost-neutral intervention: white and brown towels comparably priced 
2. No infrastructure changes, no behavior modification required 
3. Immediate effect upon procurement change 

Study scope: 29 commercial locations (fast food, restaurants, hotels, retail, service 
centers). 18 white samples, 11 brown samples. Tested December 22, 2024 – January 6, 
2025. 

Origin: Began as attempt to determine if paper towels harbored contamination. Findings 
so striking the research question was adjusted to compare towel types. 

 

Paper 5: Large-Scale Drying Time Analysis 

Paper 2 established that dryers fail at claimed times—zero of 21 achieved manufacturer 
specifications. But that study answered only whether they work as advertised at 8–12 
seconds. A more fundamental question remained: how long does it actually take to dry 
hands to manufacturer thresholds, and what happens during that extended period? We 
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designed a protocol aligned with the Underwriters Laboratories Hand Dryer PCR, 
incorporating a standardized 5-second drip time, and measured residual moisture at 
intervals from 0 to 105 seconds. Testing covered 409 trials across three models—Dyson 
Airblade V HEPA (n=212), Xlerator Standard (n=142), and Xlerator ECO (n=55)—all 
production units in active use in Central Pennsylvania retail locations. Each testing session 
required approximately three hours to complete the full time-interval protocol. 

Reliable hand drying required 80 or more seconds—not the 8–12 seconds claimed. That is 
a 10× discrepancy. At manufacturer-specified times, compliance was zero across all 
models. Xlerator Standard first achieved its 0.25g threshold at 50 seconds, with consistent 
compliance at 80 seconds. Xlerator ECO first achieved threshold at 70 seconds, 
consistent at 80. Dyson never achieved consistent compliance with its own 0.1g 
specification at any tested interval through 105 seconds. But the revelation was in the 
performance curves: correlation coefficients across all three models exceeded r = 0.999. 
Different manufacturers, different engineering approaches, different motor 
specifications—identical drying curves. The convergence indicated that performance 
limitations were not engineering variations but fundamental physical constraints. The 
industry was selling identical inadequate performance under different marketing 
narratives. Physics could not be engineered around. But why—mechanically—were all 
dryers hitting the same wall? 

 

Figure 6. Drying performance curves across three dryer models. Residual water mass (grams) as a 
function of drying time (seconds) for Dyson Airblade V HEPA, Xlerator Standard, and Xlerator ECO. 

Dashed lines indicate manufacturer-specified "dry" thresholds. Cross-technology correlation 
coefficients exceeded r = 0.999, indicating physical constraints rather than engineering variations. 

n = 409 trials. 
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Central Question: Paper 2 proved dryers fail at claimed times—0% compliance. But how 
long does it actually take to dry hands to manufacturer specifications? And what happens 
during that extended period? 

Prioritized Findings: 
• Primary Finding: 80+ seconds required vs 8–12 claimed 

– 10× discrepancy between manufacturer claims and actual performance 
– Extends Paper 2’s finding (0% compliance) to answer: how long does it 

actually take? 
• Time-to-Compliance by Model 

– Dyson: first compliance at 80 sec; never achieves consistent compliance 
(vs 12 sec claimed) = 567%+ 

– Xlerator Standard: first at 50 sec, consistent at 80 sec (vs 8 sec claimed) = 
525–900% 

– Xlerator ECO: first at 70 sec, consistent at 80 sec (vs 8 sec claimed) = 775–
900% 

• Cross-Technology Correlation: r > 0.999 
– Dyson vs Xlerator Standard: 0.9996 
– Dyson vs Xlerator ECO: 0.9995 
– Xlerator Standard vs ECO: 0.9992 
– Near-perfect correlation indicates physical constraint, not engineering 

variance 
– “Different manufacturers are selling identical inadequate performance 

under different marketing narratives” 
• Testing Method 

– Protocol aligned with UL PCR methodology (ULE_HandDryer_PCR_7-13-16) 
– 5-second drip time standardization 
– Measurements at intervals from 0 to 105 seconds 
– Precision scales (±0.01g) 
– Production models in active use (in situ conditions) 

• The Impossible Choice 
– Leave with wet hands → 400–500× increased bacterial transfer (Patrick et al.) 
– Continue drying → prolonged exposure to 49.6× amplified microbial 

contamination (Paper 1) 
– Neither option delivers the hygienic outcome 

• Population-Scale Implications 
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1. 150 million daily US hand dryer uses 
2. Additional daily exposure: 10.5 billion person-seconds 
3. Additional daily energy: 5,250 MWh (7× claimed) 
4. Annual additional energy: 1.9 TWh (enough to power ~175,000 homes) 

Study scope: 409 trials across 3 dryer models: Dyson Airblade V HEPA (n=212), Xlerator 
Standard (n=142), Xlerator ECO (n=55). Multiple retail locations in Central Pennsylvania. ~3 
hours per location to complete full time-interval protocol. 

Origin: Paper 2 proved dryers fail at claimed times. This study asked: how long does it 
actually take? 

 

Paper 6: Baseline Water Mass Reference Study 

A striking oversight emerged during the earlier studies: decades of hand hygiene research 
had documented the relationship between residual moisture and pathogen transfer—
Patrick et al. established that wet hands transfer up to 68,000 organisms compared to 140 
for dry hands—yet no published study had ever quantified the absolute mass of water on 
hands immediately after washing. Certification standards defined "dry" as 0.1g or 0.25g 
residual moisture without establishing the baseline those thresholds were measured 
against. We developed a paper towel weighing technique to fill this gap, later discovering 
our approach aligned closely with the Underwriters Laboratories protocol. Testing covered 
73 baseline measurements across 24 retail locations using two protocols: direct sink-to-
towel measurement (n=33) and a standardized 5-second drip interval consistent with UL 
guidelines (n=40). Hand geometry was validated through water displacement (553mL 
volume) and surface area measurement (642cm²). 

Hands carry 6.85 grams of water immediately after washing (95% CI: 6.70–7.00g), with 95% 
of individuals falling between 5.58g and 8.12g. The 5-second drip protocol reduced 
baseline water by 0.76g compared to direct measurement (p < 0.001, Cohen's d = 1.440)—
a finding with implications for how certification testing can systematically understate the 
drying challenge. This baseline established the denominator for all drying performance 
calculations: to achieve the 0.1g or 0.25g thresholds, dryers must remove 96–99% of the 
water on hands. The magnitude of this removal requirement explained the universal 
failures documented in Paper 5. But if actual drying times were 7–10 times longer than 
claimed, the energy and environmental calculations built on those claims could not 
possibly be accurate. 
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Central Question: No published study had quantified the absolute mass of water on 
hands after washing—yet this is the denominator for all drying performance claims. How 
much water must dryers actually remove? 

Prioritized Findings: 
• First quantitative reference values — fills fundamental measurement gap 

– No prior published study quantified absolute water mass on hands after 
washing 

– Critical gap since residual moisture determines bacterial transfer by 400-
fold+ 

• Primary measurement: mean 6.85g water on freshly washed hands 
– 95% CI: 6.70–7.00g 
– Range: 5.55g–8.78g 
– Reference interval (95% of individuals): 5.58g–8.12g 

• Protocol sensitivity: drip time matters 
– Series 1 (direct sink-to-towel, n=33): higher water loading 
– Series 2 (5-second drip interval, n=40): standardized per UL protocol 
– 5-second drip reduces baseline by 0.76g 
– p < 0.001, Cohen’s d = 1.440 
– Implications for testing standards—procedural differences affect results 

• Hand geometry calibration 
– Volume: 553mL 
– Wetted surface area: 642cm² 
– Retention ratios: 13.2 mg/mL and 11.4 mg/cm² 

• Compliance implication 
– To achieve 0.1g–0.25g threshold from 6.85g baseline requires 96–99% water 

removal 
– Quantifies the actual challenge dryers face 

• Testing methodology 
1. Paper towel weighing with precision scales (±0.01g) 
2. Approach later found to align with UL PCR Hand Dryer methodology 

Study scope: 73 baseline measurements. Two protocol series. 24 retail locations in 
Central Pennsylvania. March–December 2025. 
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Origin: Measurement gap discovered during drying time studies—no reference values 
existed for starting water mass, yet this is the denominator for all drying performance 
claims. 

 

Paper 7: Energy and Environmental Claims Analysis 

Every energy and environmental claim made by hand dryer manufacturers rested on a 
single assumption: that hands reach specified dryness thresholds in 8–12 seconds. Papers 
2, 5, and 6 had established that this assumption was false—actual drying required 70–90 
seconds, a 7–10× discrepancy. Energy consumption is power multiplied by time. If time 
increases 7–10×, energy increases 7–10×. To ensure calculations were defensible and free 
from confirmation bias, identical analyses were conducted independently by three AI 
systems—Claude (Anthropic), ChatGPT (OpenAI), and Grok (xAI)—each working from 
primary sources without access to the others' outputs. The conservative track used only 
manufacturer-commissioned, third-party verified lifecycle assessments; the expansive 
track incorporated independent academic studies and primary energy accounting. 

The results converged. Manufacturers claimed 3–4 watt-hours and approximately 2 grams 
CO₂ per drying cycle. At empirically verified drying times, actual consumption was 25–37 
Wh and 12–18 g CO₂ per use under conservative assumptions—600–900% higher for 
energy and 500–800% higher for carbon. The claimed 85–90% CO₂ advantage over paper 
towels collapsed entirely; under conservative analysis the products were statistically 
equivalent, under expansive analysis dryers were 2–3× worse. The energy advantage 
existed but was overstated—approximately 65% actual versus 95% claimed. Scaled 
globally, the discrepancy represented 5.8–45 TWh of excess energy and 2.85–20 million 
metric tons of excess CO₂ annually—equivalent to powering 550,000 to 4.3 million 
American homes. But the identical performance curves documented in Paper 5 still lacked 
a mechanistic explanation. What physical process caused all dryers—regardless of 
manufacturer or design—to hit the same drying wall? 
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Figure 7. Lifecycle energy and carbon comparison at actual versus claimed drying times. 
Manufacturer claims assume 8–12 second drying cycles; empirically verified drying requires 70–90 
seconds. Energy consumption increases proportionally (600–900% above claims). The claimed 85–
90% CO₂ advantage over paper towels collapses to statistical equivalence or inversion under 
actual operating conditions. 
 

Central Question: Every energy and environmental claim made by hand dryer 
manufacturers is conditional on drying times of 8–12 seconds. Papers 2 and 5 proved 
those times are false. What happens to green claims when actual drying times are used? 

Prioritized Findings: 
• Primary Finding: Energy/CO₂ claims collapse when actual drying times used 

– Claimed: 3–4 Wh, 2–4g CO₂ per use (at 8–12 sec) 
– Actual: 25–28 Wh, 12–18g CO₂ per use (at 70–90 sec) 
– Energy increase: 600–900% above claims 
– CO₂ increase: 500–800% above claims 

• The claimed CO₂ advantage over paper towels inverts 
– At claimed times: dryers 50–70% less CO₂ than paper towels 
– At actual times: dryers 50–150% MORE CO₂ than paper towels 
– Products are statistically equivalent under conservative assumptions 
– Dryers 2–3× worse under expansive assumptions 

• Triple-AI verification methodology 
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– Claude (Anthropic), ChatGPT (OpenAI), and Grok (xAI) 
– Each worked independently from primary sources 
– No access to each other’s outputs 
– All three reached consistent conclusions 
– Eliminates confirmation bias concern 

• Use-phase electricity dominates lifecycle impact 
– 87–92% of cradle-to-grave emissions 
– Use-phase = power × time 
– If time assumption is wrong, all downstream calculations inherit that error 

• Comparative Summary (at actual drying times) 
– Paper towels (4g, 2 sheets): ~78 Wh, 6–10g CO₂ 
– Hand dryers: 25–28 Wh, 12–18g CO₂ (conservative) or 30–50g CO₂ 

(expansive) 
– Energy still favors dryers (~65% less) — directionally accurate but overstated 

(claimed 95%) 
– CO₂ favors paper towels or equivalent 

• Global scale implications 
– Excess energy: 5.8–45 TWh annually 
– Excess CO₂: 2.85–20 million metric tons annually 
– Equivalent to: powering 550,000–4.3 million American homes 
– Or: annual carbon output of nations from Iceland to Mongolia 

• Downstream calculation failures 
1. LEED credit calculations 
2. Corporate sustainability reporting 
3. Procurement decisions based on environmental claims 
4. All predicated on false drying time assumptions 

Study scope: 430 trials across 29 unique dryers (combining Paper 2’s 21 trials and Paper 
5’s 409 trials). Energy calculations scaled from manufacturer-commissioned LCAs 
(TrueNorth/Carbon Trust) and independent academic studies. 

Origin: If drying time claims are false (Papers 2 & 5), then every energy and environmental 
claim built on those times must also be false. This paper quantifies that cascade. 
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Paper 8: The Bi-Modal Drying Mechanism 

Paper 5 documented an extraordinary finding: correlation coefficients exceeding r = 0.999 
across different manufacturers and engineering approaches. Different blade designs, 
different motor specifications, different air delivery systems—identical drying curves. The 
question shifted from "which dryer works best?" to "why do all dryers hit the same wall?" 
The answer emerged from the data itself: water on hands exists in two states with 
dramatically different resistance to removal. Loose water—droplets, pooled water, surface 
films—is held weakly and strips rapidly under mechanical air shear. This is the dramatic 
visible spray, the water blown onto walls, floors, and clothing. It accounts for 70–80% of 
water removed in the first 15–20 seconds. Bound water—trapped in skin texture, cuticles, 
finger creases, and hair follicles by capillary action and molecular adhesion—resists 
shear. It still disperses, but slowly. Each increment requires more time than the last. 
Manufacturers measure loose water removal and call it "drying." Users need bound water 
removal, which requires 70–90 seconds regardless of engineering. 

With two manufacturers showing identical failure patterns, the framework generated a 
testable prediction: any third manufacturer would demonstrate the same convergence 
because bound water resistance cannot be engineered around. On December 4, 2025, we 
formally documented this prediction. On December 5, 2025, we tested World Dryer 
VerdeDri units across three locations. The prediction was confirmed—World Dryer showed 
r > 0.99 correlation with both Dyson and Xlerator curves. Three manufacturers, three 
different engineering philosophies, effectively identical performance limitations. The joint 
probability of this convergence occurring by chance was p < 0.000000001. The k=3 
framework closed the generalizability argument: this was not defective products or poor 
maintenance. This was physics asserting itself. The microbes were the horror. The dry time 
was the crime. Bound water was the explanation. Paper towels—removing both loose and 
bound water in 15–20 seconds through absorption rather than dispersal—represented the 
evidence-based alternative. 
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Figure 8. Certified specification versus actual performance at manufacturer-claimed drying times. 
Bar chart comparing manufacturer performance claims against empirically measured residual 

moisture at specified drying times. Yellow bars indicate claimed performance; green bars indicate 
best actual performance; red bars indicate worst actual performance. Percentage values show 

elevation above certified thresholds. 
 

Central Question: Papers 2 and 5 documented what happens—universal failure. But why 
do all dryers fail identically? Analysis of drying curves revealed a physical explanation 
invisible in manufacturer specifications, absent from certification testing, and undisclosed 
in marketing. 

Prioritized Findings: 
• The Bi-Modal Mechanism: Why Dryers Fail 

– Loose Water (0–20 sec): Droplets, pooled water, surface films stripped by 
air shear. Accounts for 70–80% of water removal in 15–20% of total drying 
time. Dramatic, visible, creates spray pattern. This is what manufacturers 
measure, certifiers test, and marketing demonstrates. 

– Bound Water (20+ sec): Water trapped in skin texture, cuticles, finger 
creases, hair follicles. Held by capillary action and molecular adhesion. 
Resists mechanical shear. Accounts for 20–30% of water removed but 
requires 80–85% of total drying time. 

– “Manufacturers spec loose water removal. Users need bound water 
removal. The gap is 7–10×.” 
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• k=3 Manufacturer Validation 
– Added World Dryer to Dyson and Xlerator testing 
– Pre-registered prediction (December 4, 2025): r > 0.99 convergence across 

all pairwise comparisons 
– Result confirmed: convergence exceeding r = 0.99 (p < 0.001) 
– Closes the generalizability argument—three manufacturers representing 

different engineering approaches all hit same wall 
• 460 Trials, 0% Compliance 

– Three major manufacturers (Dyson, Excel/Xlerator, World Dryer) 
– Zero achieved specification compliance at claimed times 
– 100% failure rate 

• Physics Cannot Be Engineered Around 
– Near-perfect correlation (r > 0.99) across all manufacturer comparisons 
– Not coincidence—capillary adhesion of bound water is constant 
– “Different companies are selling identical inadequate performance under 

different marketing narratives” 
• AI-Assisted Discovery 

– Bi-modal mechanism concept originated by Claude Sonnet during drying 
curve analysis 

– Claude Opus derived bi-exponential equation and performed statistical 
modeling 

– Mathematical validation confirmed the conceptualization 
• Paper Towels: The Evidence-Based Alternative 

– Remove both loose AND bound water in 15–20 seconds 
– Mechanism: absorption rather than dispersal 
– Capillary action works in reverse—towel fibers pull bound water out of skin 

texture 
– No bound water resistance problem 

• The Summary Line 
1. “The microbes are the horror. The dry time is the crime. Bound water is the 

explanation.” 

Study scope: 460 trials across 3 manufacturers (Dyson, Excel/Xlerator, World Dryer). 
Central Pennsylvania locations. Pre-registered prediction for World Dryer testing 
(December 4, 2025) confirmed December 5, 2025. 
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Origin: Analysis of drying curves from Papers 2 and 5 revealed non-linear pattern that 
couldn’t be explained by simple evaporation. AI-assisted mathematical modeling 
identified bi-exponential decay characteristic of two-phase system. 

 

Paper 9: Microbial Validation Study 

Paper 1 had documented 100% microbial amplification across 87 tests using Luria-Bertani 
agar, but acknowledged limitations: LB captures only a subset of environmental 
microorganisms, and, over time, our lab technique became more sophisticated leading us 
to want to retest. This validation study addressed both concerns. We switched to Tryptic 
Soy Agar—a broad-spectrum growth medium with superior organism recovery—and 
improved sampling technique, incubation methods and equipment, and evaluation and 
recording of data for completed dishes. In several serendipitous dual intervention test sets 
in the same restroom hand dryers and paper towels were tested in identical environmental 
conditions. Dryers universally showed amplification in the same room air in which white 
paper towels did not. Testing covered 116 microbiological tests across 97 restrooms at 78 
commercial establishments in Central Pennsylvania during September–October 2025, 
with complete video chain of custody maintained throughout. Control dish sterility was 
99.1% and we removed all dishes in the failed set from the final data, making the control 
failure rate 0.0 for the project. 

The validation confirmed and amplified all original findings. Hand dryers showed 
amplification in 49 of 49 tests—100% rate matching the original study exactly. Combined 
across both studies: 136 consecutive amplification events with zero reductions, 
probability p < 10⁻⁴¹ under the null hypothesis. TSA detected 3.0 times more organisms 
than LB agar, confirming original estimates were conservative: median dryer 
contamination was 200 CFU versus 67 CFU in the original study. The dual-intervention 
tests provided causal evidence—under identical conditions, hand dryers produced 138–
407 times more contamination than white paper towels in the same restroom on the same 
day. A new finding emerged from diversity analysis: dryer output contained 6–10 
morphotypes versus 2–3 in ambient air, with diversity exceeding ambient in 100% of tests. 
Further, ambient room air in restrooms with white paper towels had half the number of 
organisms as hand dryer and brown paper towel restrooms (p<0.018). Hand dryers were 
not merely concentrating room air—they were contributing organisms not present in the 
surrounding environment. The contamination hierarchy was preserved: Hand Dryers (200 
CFU) >> Brown Paper Towels (46 CFU) >> Ambient Air (2 CFU) ≈ White Paper Towels (1 
CFU). But if dryers amplified contamination and dispersed water throughout the 
environment, there should be visible evidence on the walls. 
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Figure 9. Validation study: microbial amplification using broad-spectrum growth media (TSA). Side-
by-side comparison of ambient room air samples (left) and hand dryer output samples (right) from 
paired testing at the same locations. TSA detected 3.0× more organisms than the LB agar used in 
the original study, confirming original estimates were conservative. Median dryer contamination: 

200 CFU (TSA) versus 67 CFU (LB). 49/49 tests showed amplification (100%). 
 

Central Question: Paper 1 used LB agar, which captures only a subset of organisms, and 
an observational design that couldn’t exclude environmental confounders. Can the 
findings be replicated with better detection methods and a causal design? 

Prioritized Findings: 
• Independent Replication with Enhanced Detection 

– Original (Paper 1): 87/87 amplification (100%), median 49.6× 
– Validation (Paper 9): 49/49 amplification (100%), median 110× 
– Combined: 136/136 consecutive tests showing amplification, zero 

reductions 
– Probability under null hypothesis: p < 10⁻⁴¹ 

• TSA vs LB: Original Estimates Were Conservative 
– TSA (broad-spectrum) detected 3.0× more CFU than LB agar 
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– Hand dryer output: median 200 CFU (TSA) vs 67 CFU (LB) 
– Ambient baselines remained comparable—confirming LB undercount was in 

dryer output, not baseline 
– Original study predicted LB captured 48.7%; TSA results confirm this was 

accurate or understated 
• Risk Band Shift with Better Detection 

– Low risk (<50 CFU): 40.2% (LB) → 0.0% (TSA) 
– Extremely High (>150 CFU): 11.5% (LB) → 63.3% (TSA) 
– Risk Envelope (>100 CFU): 27.6% (LB) → 85.7% (TSA) 
– No “low risk” dryers exist—zero tests showed <70 CFU with TSA 

• Dual-Intervention Design: Causal Evidence 
– Multiple drying methods tested in same restroom, same day 
– Eliminates environmental confounders 
– Hand dryers produced 138–407× more contamination than white paper 

towels under identical conditions 
– Establishes causation, not just correlation 

• Diversity Analysis: Dryers Contribute, Not Just Concentrate 
– Dryer output diversity score: median 4 (6–10 morphotypes) 
– Ambient air diversity score: median 2 (2–3 morphotypes) 
– Dryer diversity ≥ ambient in 100% of tests (49/49) 
– Dryers add organisms not present in room air 

• Contamination Hierarchy Confirmed 
– Hand Dryers (200 CFU median) >> Brown Paper Towels (46 CFU) >> Ambient 

Air (2 CFU) ≈ White Paper Towels (1 CFU) 
– White paper towels statistically equivalent to ambient (p = 0.23) 
– All relationships preserved from original studies 

• Expanded Paper Towel Sample 
1. White towels: n=41 (vs n=9 in Paper 4) 
2. Confirms sanitary status with larger sample size 

Study scope: 116 microbiological tests across 97 restrooms at 78 commercial 
establishments in Central Pennsylvania. September–October 2025. Tryptic Soy Agar (TSA) 
growth medium. 53,451 total CFU enumerated across both studies. Complete video chain 
of custody from sample collection through CFU hand counts. 
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Origin: Paper 1’s acknowledged limitations—LB agar captures only subset of organisms, 
observational design couldn’t exclude environmental confounders. This study addresses 
both with better media and dual-intervention design. Each methodological step refined 
from lessons learned in earlier work. 

 

Paper 10: The Wandering Plume of Filth 

The research series began with an observation made before its significance was 
understood: black and gray material radiating from hand dryer areas on restroom walls. 
Nine papers later, we returned to document that phenomenon directly. Hand dryers 
aerosolize microorganisms—Paper 9 had just confirmed 100% amplification with causal 
evidence. Those organisms land somewhere. We conducted a visual audit of 127 public 
restrooms across six states, randomized by sequential proximity, comparing 
contamination patterns beneath hand dryers (n=53), brown paper towel dispensers (n=33), 
and white paper towel dispensers (n=41). Hand dryers were further classified as dispersal-
type (n=50), which blow air outward, or capture-type (n=3), which collect water internally. 
Visual metrics included plume presence, dimensional measurements, and mold severity 
on a 0–3 scale. Paired microbiological sampling was conducted at all locations. Tape 
samples from visible plumes were submitted to an independent EPA-certified laboratory 
for fungal identification. 

Dispersal-type hand dryers showed visible wall plumes in 100% of installations and visible 
wall mold in 100%—not a probability but a certainty. Plumes averaged 10 square feet, 
originating narrow at the device (median 1.0 ft) and fanning outward toward the floor 
(median 3.0 ft), consistent with aerosol dispersion physics. The plume size and intensity 
were impacted by the cleaning practices of the facility ranging from pristine to filthy but 
100% of dispersal-type dryers tested had mold growth below the dryer output air jets. 
White paper towel dispensers showed 13% mold rates—an 8-fold difference. 
Unexpectedly, no visual metric predicted microbiological output. Correlations between 
CFU and mold score, plume area, and plume darkness were all non-significant. The 
visually cleanest installation in the study was a capture-type dryer that produced 5,431 
CFU on a single petri dish, the highest output recorded. Visual inspection cannot identify 
hazardous installations. Independent laboratory analysis confirmed fungal presence in 
70% of plume samples: Aspergillus, Penicillium, Alternaria, Cladosporium, Chaetomium—
organisms documented to cause allergic reactions, hypersensitivity pneumonitis, and 
mycotoxin production. Every person entering a restroom with a dispersal-type hand dryer 
enters a space with confirmed mold colonization, regardless of whether they use the dryer. 
The grayish coloring on the walls was never incidental. It was evidence. 
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Figure 10. Wall plume contamination beneath dispersal-type hand dryer installations. Visual 
documentation of characteristic contamination patterns observed in 100% of dispersal-type 

installations (50/50). Plumes averaged 10 square feet, originating narrow at the device (median 1.0 
ft) and fanning outward toward the floor (median 3.0 ft). Independent EPA-certified laboratory 

analysis confirmed fungal presence in 70% of plume samples: Aspergillus, Penicillium, Alternaria, 
Cladosporium, and Chaetomium species. 

 

Central Question: This research began with an observation: visible mold growing on walls 
beneath hand dryers. If dryers amplify microorganisms (Paper 1) and disperse them into 
the room (Paper 3), what is the cumulative effect on the room itself? 

Prioritized Findings: 
• 100% Visible Contamination for Dispersal-Type Dryers 

– Wall plumes present: 50/50 (100%) 
– Visible wall mold: 50/50 (100%) 
– Compare to white paper towels: 12.8% mold rate 
– Ratio: 7.8× more mold with dryers (χ² = 72.0, p < 0.001) 

• Plume Dimensions 
– Average area: 10 square feet 
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– Fan shape: narrow at device (median 1.0 ft), widens toward floor (median 3.0 
ft) 

– Spread direction: 86% wider at bottom, 0% wider at top 
– Paired t-test for spread: p = 2.43 × 10⁻¹³ 

• Visual Inspection Cannot Identify Hazard 
– Mold score vs CFU: r = 0.20, p = 0.18 (not significant) 
– Plume area vs CFU: r = 0.07, p = 0.64 (not significant) 
– Plume darkness vs CFU: r = -0.03, p = 0.86 (not significant) 
– No visual metric predicted microbiological output 

• The “Cleanest Dryer” Paradox 
– Capture-type dryer (Aike brand) 
– Zero visible mold, zero visible dirt, no detectable plume 
– Produced 5,431 CFU—the highest output in the entire study 
– Visual cleanliness is not safety 

• Independent Laboratory Confirmation 
– Hayes Microbial Consulting (EPA Laboratory ID: VA01419) 
– 100% of hand dryer plume tape samples positive for fungi (paper towel 

samples were the clean comparators) 
– Species identified: Aspergillus/Penicillium, Alternaria, Cladosporium, 

Chaetomium, Curvularia, others 
– These cause: allergic reactions, hypersensitivity pneumonitis, mycotoxin 

production 
• Mold Prevalence by Intervention 

– Dispersal dryers: 100% 
– Brown paper towels: 40% 
– White paper towels: 12.8% 

• The Plume as Cumulative Record 
– Plume severity = cumulative dryer emissions − cumulative cleaning 
– Dryer output is constant; plume is variable 
– “The dryer had simply been winning longer than the cleaning” 

• Universal Exposure Risk 
1. Everyone entering a restroom with a dispersal-type dryer enters a space with 

confirmed mold colonization 
2. Contamination exists regardless of whether that person uses the dryer 



32 
 

Study scope: 127 restrooms, randomized by sequential proximity selection. Hand dryers 
(n=53: 50 dispersal, 3 capture), brown paper towels (n=33), white paper towels (n=41). 
Paired microbiological sampling at all locations. December 2025. 

Origin: This paper closes the loop. The research began in September 2023 when the author 
noticed mold under dryers, wondered if it could be tested, and bought Amazon petri 
dishes. The first test set showed dramatic contamination differences. Two years and ten 
papers later, this final study returns to systematically document that original observation 
across 127 locations with EPA-certified laboratory confirmation. The series began with the 
plume and ends with the plume. 

 

 

3. Methodological Framework 

We had the thought that the organic process that occurred above must already be 
understood and possibly detailed so we engaged Claude AI, Opus 4.5, Anthropic to help us 
understand why processes like these are actually science. We experienced them daily for 
2.5 years as each phase demanded the next but we wanted to know how scientific 
philosophers think about them and we were not disappointed. We will detail his findings 
below but we discovered we were not wrong and, briefly, here is the structure: 

The research follows what philosopher Hasok Chang calls epistemic iteration—each 
study's limitations becoming the next study's design criteria. The progression from 
surprising observation (mold) to hypothesis (amplification) to testing exemplifies Peircean 
abductive logic. Under Lakatos's criterion for progressive research programs, the pre-
registered December 4 prediction confirmed December 5 satisfies the requirement that 
science produce confirmed novel facts rather than merely explain known ones. And the 
entire ten-study arc matches what Steinle and Burian term exploratory experimentation—
"chains, series, or networks of experiments" conducted when no prior theoretical 
framework exists. 

Science is a process and anyone with the stamina to read all 11 papers in order can see it 
occur organically as it happened, each step of the way because we chose to leave each 
paper as written at the time it was written rather than homogenize them into a generic but 
traditionally written mass that eliminates the flavor of each remarkable finding as it 
occurred. 

Relevant philosophy of Science: 
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The research program described above instantiates several established patterns in the 
philosophy of science. Each study answered a question forced by the findings of the one 
before—an emergent research trajectory in which empirical anomalies, rather than 
theoretical commitments, drove investigation. This follows Hasok Chang's model of 
epistemic iteration: knowledge advancing through successive cycles where each finding 
reveals limitations that structure the next inquiry (Chang 2004, 2022). Chang defines it 
precisely: "In the process of epistemic iteration, we knowingly start inquiry on the basis of 
an imperfect starting point, and use the outcome of that inquiry in order to improve its own 
starting point." Paper 1's acknowledged limitations (LB agar detection sensitivity) became 
Paper 9's design criteria (TSA broad-spectrum media). 

The progression exhibits Peircean abductive logic—surprising observations forcing 
hypothesis generation rather than hypotheses predicting observations. Peirce's canonical 
formulation: "The surprising fact, C, is observed. But if A were true, C would be a matter of 
course. Hence, there is reason to suspect that A is true" (CP 5.189). The mold on the wall 
was C. Microbial amplification was A. Everything that followed was testing whether A 
actually explained C. 

Under Lakatos's criterion, this total work in aggregate constitutes a progressive research 
program: each phase generated novel empirical content, and the pre-registered December 
4 prediction confirmed on December 5 satisfies the requirement that theoretical 
frameworks produce confirmed novel facts rather than merely accommodate known ones 
(Lakatos 1978: 33–35). Lakatos distinguishes progressive from degenerating programs by 
this capacity—the prediction must be documented before the confirming observation 
occurs. The hard core of the program (systematic certification failure) remained intact 
across all ten studies while the protective belt of auxiliary methods adjusted to absorb 
anomalies: different media, different manufacturers, different performance dimensions, 
same conclusion. 

Friedrich Steinle and Richard Burian describe exploratory experimentation as research 
"not driven by specific theories... typically practiced in periods in which no theory or—even 
more fundamentally—no conceptual framework is readily available." Crucially, "individual 
experiments carry little weight in exploratory experimentation, it is chains, series, or 
networks of experiments that lead to conclusions" (Steinle 2016: 331). No prior theoretical 
framework existed for systematic certification fraud in this industry. The series of ten 
studies constitutes precisely the chains Steinle identifies as the hallmark of exploratory 
work. 

Kevin Elliott distinguishes epistemic iteration (where knowledge claims are corrected) from 
methodological iteration (where researchers move between different research modes). 
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Both forms appear here: knowledge building across papers and methodology evolving from 
observational petri dish sampling to dual-intervention causal design with EPA-certified 
laboratory confirmation. The pattern is textbook progressive science—it simply occurred in 
a restroom instead of a laboratory. 

 

4. Contamination Hierarchy 

The research program established a consistent contamination hierarchy across all studies: 

Drying Method Median CFU Sterility Rate Wall Mold Rate 

Hand Dryers 200 0% 100% 

Brown Paper Towels 46 0% 40% 

Ambient Room Air 2 32% — 

White Paper Towels 1 55.6% 12.8% 

 

5. The Impossible Choice 

Users face two options, both with negative health outcomes: (1) Leave with wet hands at 
manufacturer-specified times, facilitating 400–500× increased bacterial transfer (Patrick et 
al.); or (2) Continue drying for 70+ additional seconds, extending exposure to airstreams 
containing 50–110× amplified microbial contamination. Neither path leads to hygienic 
hand drying. 

White paper towels resolve this dilemma: contamination below ambient air (mean 0.56 
CFU vs 1.78 CFU ambient), complete drying in approximately 10–15 seconds through 
absorption rather than dispersal, no amplification pathway, no room contamination. The 
solution is simpler than the problem. 
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6. Conclusion 

This research began with an unexpected observation—visible mold on walls beneath hand 
dryers—and a simple question: could it be tested? The first petri dish results were so 
striking that systematic investigation became necessary. 

Paper 1 established microbial amplification: 100% of dryers amplified contamination, zero 
reduced it. But during that testing, a secondary observation emerged: hands dried for 
manufacturer-specified times remained visibly wet. Paper 2 quantified this—0% 
compliance at claimed drying times—and raised the next question: if dryers don't dry at 
claimed times, how long do they actually take? 

Paper 5 answered at scale: 70–90 seconds versus the 8–12 seconds claimed. Paper 3 
documented where the water went during that extended period—not evaporating, but 
dispersing onto walls, floors, and users. Paper 4, which began as control sampling during 
dryer tests, unexpectedly revealed complete distributional separation between white and 
brown paper towels. Paper 6 established the baseline water mass on hands—a 
measurement no prior study had quantified—providing the denominator for all drying 
performance calculations. Paper 7 followed the logic: if drying time claims are false, every 
energy and environmental claim built on those times must also be false. 

The final three papers cemented the conclusions. Paper 8 explained why all dryers fail 
identically: the bi-modal mechanism of loose water (easily dispersed) and bound water 
(trapped by capillary action, resistant to removal). A pre-registered prediction—that a third 
manufacturer would fail identically because physics cannot be engineered around—was 
documented December 4, 2025 and confirmed December 5, 2025. Paper 9 returned to 
microbiology with refined methodology: broad-spectrum growth media, dual-intervention 
design, complete video chain of custody. The validation confirmed and amplified all 
original findings—136 consecutive amplification events with probability p < 10⁻⁴¹ under the 
null hypothesis. Paper 10 returned to where it started: the plume. Systematic 
documentation across 127 locations with EPA-certified laboratory confirmation 
established 100% mold colonization beneath dispersal-type dryers. 

The series began with mold on a wall and ended with mold on a wall—but now with the 
complete evidentiary chain explaining how it got there. 

 

Data Availability 

Complete datasets supporting all findings are archived with DOI registration through 
Zenodo and Harvard Dataverse. Raw data, video documentation, and supplementary 
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materials comprising 1.3 TB across approximately 13,000 files are available for 
independent verification at www.handdryerstudy.com. 
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APPENDIX 1: PHILOSOPHICAL FRAMEWORK 

This appendix provides detailed exposition of the philosophy of science concepts 
referenced in Section 3 (Methodological Framework). 

 

Hasok Chang: Epistemic Iteration 

Chang’s concept of epistemic iteration describes how scientific knowledge advances 
through successive cycles of self-correction. As Chang defines it: “In the process of 
epistemic iteration, we knowingly start inquiry on the basis of an imperfect starting point, 
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and use the outcome of that inquiry in order to improve its own starting point” (Chang 
2022: 239). In this research program, Paper 1’s acknowledged limitations (LB agar 
detection sensitivity) became Paper 9’s design criteria (TSA broad-spectrum media). Each 
study built upon and refined the preceding work’s methodology. 

 

Imre Lakatos: Progressive Research Programmes 

Lakatos distinguishes progressive from degenerating research programmes by their 
capacity to generate novel empirical content and confirm novel predictions. A programme 
is progressive when “each new theory must have excess empirical content over its 
predecessor; it must predict novel and hitherto unexpected facts” (Lakatos 1978: 33–34). 
The hard core consists of unfalsifiable central tenets (here: systematic certification 
failure); the protective belt comprises adjustable auxiliary hypotheses that absorb 
anomalies while preserving the core. The December 4, 2025 pre-registered prediction 
confirmed December 5, 2025 satisfies Lakatos’s criterion for confirmed novel facts—the 
prediction was documented before the confirming observation occurred. 

 

Charles Sanders Peirce: Abduction 

Peirce’s abduction describes the logical operation by which surprising observations 
generate hypotheses. His canonical formulation: “The surprising fact, C, is observed. But if 
A were true, C would be a matter of course. Hence, there is reason to suspect that A is 
true” (CP 5.189). Peirce characterized abduction as “the only logical operation which 
introduces any new idea” (CP 5.172). This research program began with a surprising 
observation (mold on walls beneath dryers) that generated the hypothesis (dryers amplify 
contamination) subsequently tested and confirmed. The progression from observation to 
hypothesis to test exemplifies Peircean abductive logic. 

 

Friedrich Steinle and Richard Burian: Exploratory Experimentation 

Steinle and Burian describe exploratory experimentation as research “not driven by 
specific theories... typically practiced in periods in which no theory or—even more 
fundamentally—no conceptual framework is readily available” (Steinle 1997). Crucially, 
“individual experiments carry little weight in exploratory experimentation, it is chains, 
series, or networks of experiments that lead to conclusions” (Steinle 2016: 331). This 
characterization precisely describes the present research program: no prior theoretical 
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framework existed for systematic certification fraud, and the series of ten studies 
constitutes precisely the “chains, series, or networks” Steinle identifies as the hallmark of 
exploratory work. 

 

Kevin Elliott: Methodological Iteration 

Elliott distinguishes epistemic iteration (where knowledge claims are corrected) from 
methodological iteration (where researchers move between different research modes). 
Both forms appear in this research program: knowledge building across papers (epistemic) 
and methodology evolving from observational petri dish sampling to dual-intervention 
causal design (methodological). The progression from simple observation through 
quantitative measurement to controlled intervention demonstrates responsive 
methodological refinement characteristic of mature research programs. 
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