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Abstract

Wooden substrates are frequently encountered in forensic casework; however, their influence on touch DNA persistence and 
recovery remains comparatively underexplored relative to smooth non-porous materials and textiles. This study systematically 
evaluated the combined effects of surface morphology (smooth sealed versus rough unfinished wood), environmental exposure 
(room temperature [RT], low temperature/high humidity [LT], and high temperature [HT]), recovery strategy (swab, tape-lift, 
and sequential hybrid recovery), and time on DNA yield and STR profile quality. A total of 324 experimental samples were 
analysed under controlled conditions incorporating donor variability (low, moderate, and high shedders).
Surface morphology exerted a significant effect on DNA yield (χ² = 18.7, df = 1, p < 0.001), with rough unfinished wood producing 
higher mean quantities than sealed surfaces. Environmental exposure significantly modulated persistence (χ² = 24.3, df = 2, p 
< 0.001), with HT conditions producing marked reductions in yield and RFU values (p < 0.01), whereas LT exposure resulted in 
moderated decline consistent with moisture-mediated redistribution rather than accelerated degradation. Recovery strategy 
demonstrated a significant main effect (χ² = 31.6, df = 2, p < 0.001) and surface-dependent interaction (p = 0.004). Tape-lift 
recovery outperformed swabbing on unfinished wood, while swabbing was generally sufficient for sealed surfaces. The hybrid 
strategy generated the highest cumulative yields; however, sequential fraction analysis revealed that the additive benefit was 
condition-dependent, with residual recoverable DNA most evident on unfinished wood under LT exposure.
STR profile completeness and mean peak heights correlated with template quantity and environmental stress. RFU reduction 
preceded allelic dropout under HT conditions, while inhibition events were infrequent and did not materially influence profile 
outcomes. No interpretable mixtures were observed.
Collectively, the findings demonstrate that wood exhibits dual forensic behavior—enhanced cellular retention coupled with 
environment-dependent recoverability. By integrating surface morphology, environmental modulation, and sequential hybrid 
fraction analysis, this study provides a substrate-informed framework for method selection and interpretation of touch DNA 
recovered from wooden exhibits in forensic casework.
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Introduction

Trace DNA has become one of the most frequently 
encountered forms of forensic biological evidence and plays 
a critical role in associating individuals with objects and 
environments linked to criminal activity [1-7]. Unlike visible 
biological fluids, trace DNA is typically deposited through 
incidental or routine contact with surfaces such as tools, door 
handles, weapons, and clothing, either during brief handling 
events or repeated use over time [3,8-10]. Because such 
deposits are often invisible and present in low quantities, 
their evidential significance is particularly pronounced in 
cases where no overt biological material is detected.

Despite its forensic value, trace DNA analysis presents 
substantial analytical challenges. Recovery outcomes 
frequently demonstrate variability in both DNA yield and STR 
profile completeness. This variability arises from multiple 
interacting parameters, including the physicochemical 
properties of the substrate [11-14], environmental 
exposure that may promote degradation, redistribution, 
or loss of biological material [15-18], and differences in 
sampling practices applied at the scene or during laboratory 
processing [11,19-22]. Substrate characteristics—such as 
porosity, microtexture, moisture absorption capacity, and 
surface coatings-can significantly influence epithelial cell 
adhesion, persistence, and potential embedding within 
surface matrices. Additionally, procedural factors including 
the choice of moistening agents and the number of collection 
passes may materially affect recovery efficiency and 
downstream profile quality [23-30].

Interpretation is further complicated by variation in 
downstream analytical workflows [2,4,12,31-35], risks 
of contamination during handling and processing, and 
established inter-individual differences in DNA shedding and 
transfer dynamics [36-45]. As a result, the effectiveness of 
any given sampling strategy is highly dependent on substrate 
type. Cotton and nylon-flocked swabs have demonstrated 
effectiveness on smooth, non-porous materials such as glass 
and plastic [10,11,23-25], whereas adhesive tape-based 
methods often provide improved recovery from porous or 
fibrous substrates, including textiles and fabrics [46-51]. These 
observations reinforce the principle that recovery strategies 
should be selected according to surface characteristics rather 
than applied uniformly across all exhibits.

In response to limitations associated with conventional 
collection methods, modified and hybrid strategies have been 
developed. These include combined cotton and microFLOQ® 
swabbing integrated with direct amplification workflows, 
wet-vacuum systems designed for complex substrates, and 
chemical enhancers intended to improve cellular detachment 
and DNA recovery [28,51-53]. Such advancements reflect 

the continued refinement of trace DNA methodologies in 
response to increasingly complex evidential contexts. The 
recognition of substrate-specific behaviour has contributed 
to broader acceptance that sampling approaches must 
be adapted to the physical and chemical properties of the 
evidence rather than standardised indiscriminately [54-57].

Parallel advances in analytical sensitivity have led 
to increasingly streamlined workflows that integrate 
technological developments with adaptive evidence-
recovery practices [58,59]. Although silica-based extraction 
systems remain widely used, they may incur measurable 
sample loss, particularly when working with low-template 
or environmentally compromised material [1,60]. Direct 
amplification approaches that bypass extraction and 
quantification have therefore gained attention as potential 
strategies for preserving limited biological material and 
reducing analytical turnaround time [21,27,61]. 

Nevertheless, irrespective of downstream analytical 
sensitivity, successful interpretation remains fundamentally 
dependent on effective recovery of biological material from 
the substrate.

While extensive research has examined trace DNA 
recovery from smooth non-porous surfaces and from 
textiles or fabrics, comparatively limited attention has been 
directed toward wooden substrates. This gap is notable 
given the frequent presence of wooden objects in forensic 
investigations, including knife and tool handles, firearm grips, 
wooden clubs, furniture edges, door frames, and window 
frames. These surfaces commonly represent primary contact 
points and may therefore contain probative touch DNA.

Early investigations into material-dependent DNA 
transfer demonstrated that substrate type significantly 
influences recovery outcomes. In a large-scale volunteer 
study comparing glass, fabric, and wood, Alketbi SK, et al. 
[61] reported significantly higher DNA yields from wood 
than from glass, with an increased likelihood of obtaining 
informative profiles. Although this study primarily assessed 
transfer rather than persistence under environmental 
stress, it suggested that wood may exhibit favourable 
retention characteristics. More recently, Hartless S, et al. [62] 
demonstrated that recovery efficiency from wooden handles 
was method-dependent, with no single technique universally 
optimal across surfaces. Similarly, Singh VS, et al. [13] reported 
that surface material significantly influenced DNA yield and 
contributor dominance in door handle simulations, with 
wooden handles yielding greater DNA quantities than metal 
surfaces. Collectively, these findings confirm the operational 
relevance of wooden substrates while underscoring the need 
for morphology-specific and condition-specific evaluation.

https://medwinpublishers.com/IJFSC/
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Wood differs fundamentally from smooth non-porous 
materials due to its heterogeneous and anisotropic structure, 
characterised by grain orientation, microcavities, and 
variable porosity. Surface topography may influence cellular 
adhesion and retention in a manner analogous to ridged or 
textured substrates, where adhesive recovery methods have 
demonstrated advantages over conventional swabbing [64]. 

Unfinished wood may additionally exhibit absorptive 
properties capable of facilitating lateral redistribution or 
capillary movement of biological material under elevated 
humidity. The influence of moisture on recovery efficiency 
has been discussed in relation to swabbing strategies, where 
dry and wet collection methods may perform differently 
depending on substrate saturation and surface state [65]. 

These considerations highlight the importance of 
aligning recovery strategy with both surface morphology 
and environmental exposure.

Beyond structural properties, wood contains plant-
derived compounds such as lignin, tannins, and phenolic 
substances that may influence extraction efficiency or 
amplification performance. Although such considerations 
are more frequently discussed in plant and ancient DNA 
research, where extensive decontamination protocols 
are required for subfossil wood [66], these observations 
illustrate that wood presents unique biochemical as well 
as structural characteristics that may affect forensic DNA 
workflows.

Importantly, wooden exhibits encountered in casework 
are rarely uniform. Sealed or varnished surfaces may 
behave more similarly to non-porous substrates, whereas 
unfinished or weathered wood may permit increased 
absorption, redistribution, or environmental degradation 
of deposited DNA. Despite evidence that substrate type 
influences transfer and recovery outcomes [13,62], the 
combined effects of surface finish, environmental exposure, 
and condition-specific recovery strategies on touch DNA 
persistence from wood have not been systematically 
evaluated under controlled conditions. A substrate-focused 
investigation incorporating morphological variation, 
humidity exposure, and adaptive sampling strategies is 
therefore warranted.

The aim of the present study was to systematically 
evaluate the persistence and recovery dynamics of touch 
DNA from smooth sealed and rough unfinished wood under 
controlled environmental conditions. By incorporating donor 
variability (low, moderate, and high shedders), condition-
specific recovery strategies, and defined time intervals, 
this study sought to clarify how surface morphology and 
environmental exposure interact to influence DNA yield and 

STR profiling outcomes from wooden substrates encountered 
in operational forensic casework. In addition, the additive 
and residual recovery potential of a sequential hybrid 
strategy was examined to determine whether measurable 
quantities of DNA remain on wooden surfaces following 
primary collection.

Materials and Methods 

Experimental Design and Wood Substrates

Two wooden surface types were selected to represent 
handled wooden substrates commonly encountered in 
forensic casework:
•	 Smooth sealed wood with a commercial varnished finish 

and minimal surface texture, representative of coated 
door handles and finished tool handles; and

•	 Rough unfinished wood with visible grain structure and 
open porous morphology, representative of untreated or 
weathered wooden handles and structural components.

Wooden coupons were prepared as standardized 5 × 
7 cm sections to ensure consistency in deposition area and 
subsequent recovery. All coupons were handled with powder-
free nitrile gloves during preparation and individually 
packaged in sterile containers prior to use.

To minimise background DNA, each coupon underwent 
a two-stage decontamination protocol. Surfaces were first 
cleaned using 2% Virkon® solution (viricidal disinfectant), 
thoroughly rinsed with sterile distilled water to remove 
chemical residues, and allowed to air-dry at room temperature 
in a controlled laboratory environment. Following chemical 
decontamination, coupons were subjected to ultraviolet 
irradiation (254 nm) for 25 minutes within a UV cabinet. 
After decontamination, representative coupons from each 
surface type were sampled using moistened swabs and 
processed through the full analytical workflow to confirm 
the absence of detectable human DNA prior to experimental 
deposition.

Surface morphology differences between sealed and 
unfinished wood were documented photographically under 
standardized lighting conditions before experimentation. 
The sealed surface presented a continuous coated layer 
with minimal surface discontinuity, whereas the unfinished 
surface displayed exposed grain, microcavities, and increased 
surface heterogeneity consistent with greater porosity.

Donor Selection and DNA Deposition

Three adult participants were recruited and previously 
categorised as low, moderate, and high DNA shedders using 
established shedder assessment procedures [3]. Shedder 
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classification was determined independently prior to the 
present study to incorporate controlled biological variability 
in cellular transfer.

Prior to deposition, participants washed their hands 
thoroughly using antibacterial soap and dried them using 
sterile disposable towels. A standardised 10-minute rest 
period followed to allow re-establishment of natural skin 
secretions. To standardise epithelial charging, participants 
gently touched sebaceous regions (behind the ears or 
forehead) prior to deposition.

Deposition was performed using the index, middle, 
and ring fingers of one hand. Moderate, consistent pressure 
was applied across the defined 5 × 7 cm area for 60 
seconds. Deposition was performed under controlled room 
temperature conditions (20–25 °C, 50% relative humidity). 
Each donor deposited onto both wood types under all 
experimental conditions.

For each donor, two technical replicates were generated 
for every combination of surface type, environmental 
condition, time interval, and recovery method, resulting in 
a fully balanced factorial design. In total, 324 experimental 
samples were analysed (2 surface types × 3 environmental 
conditions × 3 time points × 3 recovery approaches per 
condition × 3 donors × 2 replicates).

Storage Conditions and Persistence Intervals

To assess the influence of environmental exposure on 
DNA persistence, deposited coupons were stored under 
three controlled conditions:
•	 Room temperature (RT): 20–25 °C, 50% relative humidity
•	 High temperature (HT): 40 °C, 50% relative humidity
•	 Low temperature (LT): 5 °C, 78% relative humidity

Environmental parameters were continuously monitored 
using calibrated digital hygrometer–thermometer devices. 
HT storage was conducted in a laboratory incubator; a water 
reservoir was placed inside to maintain stable humidity. LT 
storage was performed in a controlled refrigeration chamber 
with monitored humidity levels.

Samples were recovered at three defined time 
intervals following deposition: 3 hours, 24 hours, and 7 
days. During storage, coupons were maintained in sterile 
containers to prevent external contamination while allowing 
environmental exposure.

DNA Recovery Procedures

Recovery strategy was adapted according to 
environmental condition to reflect previously validated 

protocols and to minimise artefactual redistribution of 
cellular material on porous substrates [23,25].

For RT and HT samples, DNA was recovered using Copan 
150C cotton swabs lightly moistened with 100 µL sterile 
distilled water. Moistening was achieved using a calibrated 
spray system (each spray delivering approximately 50 
µL) to ensure consistent hydration across samples. Light 
moistening enhances cellular detachment while limiting 
excessive lateral redistribution.

For LT samples (5 °C / 78% relative humidity), recovery 
was performed using a dry cotton swab without added 
moisture. This approach was selected based on prior 
validation demonstrating improved recovery from high-
humidity porous substrates when compared to moistened 
swabbing [25]. Avoiding additional moisture reduces 
dilution effects and limits capillary-driven redistribution 
within porous wood.

As an alternative recovery method, SceneSafe FAST™ 
minitapes were applied to the defined 5 × 7 cm area. 

Sixteen sequential tape applications were performed 
per surface to maximise cellular capture, consistent with 
established tape-lift protocols [24]. Each tape was pressed 
with uniform pressure and removed at a consistent angle to 
standardise adhesion.

A hybrid recovery strategy was also evaluated. Tape-
lifting was performed first, followed immediately by the 
condition-appropriate swabbing method applied to the same 
defined area (moistened swab for RT and HT; dry swab for 
LT). The order was kept constant to ensure comparability 
across samples and to avoid artificial redistribution from 
prior swabbing.

All recoveries were performed by a single trained 
examiner to minimise operator variability. Samples were 
processed immediately following collection to reduce post-
collection degradation. Collection blanks were included for 
each recovery type (dry swab blank, moistened swab blank, 
and tape blank). Gloves were changed between each sample, 
and working surfaces were decontaminated between 
handling events.

DNA Extraction, Quantification, and STR 
Profiling

All samples were processed using identical downstream 
analytical workflows to eliminate inter-method variability.

DNA extraction was performed using the PrepFiler 
Express™ Forensic DNA Extraction Kit on the AutoMate 
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Express™ Forensic DNA Extraction System according to 
manufacturer instructions. The entire swab head or adhesive 
portion of each tape was subjected to extraction. DNA was 
eluted in 50 µL of elution buffer for all samples. Extraction 
blanks were included in every batch and required to be 
negative before proceeding to amplification.

DNA quantification was conducted using the Qiagen 
Investigator Quantiplex Pro Quantification Kit on a 
QuantStudio™ 5 Real-Time PCR System. Quantification data 
were analysed using HID Real-Time PCR Analysis Software 
v1.3. Internal PCR control (IPC) signals were monitored to 
detect potential inhibition. Inhibition was defined as an IPC 
Ct shift beyond the manufacturer’s expected range and/or 
a software-generated inhibition flag, with confirmation by 
repeat quantification following dilution.

STR amplification was performed using the GlobalFiler™ 
PCR Amplification Kit on an ABI GeneAmp® 9700 Thermal 
Cycler with 29 amplification cycles. Amplification blanks 
were included in each batch. Capillary electrophoresis was 
conducted on an ABI 3500 Genetic Analyzer using a 36-cm 
capillary array and POP-4™ polymer. 

Injection mixtures contained 1 µL PCR product, 9.6 µL 
Hi-Di™ formamide, and 0.4 µL GeneScan™ 600 LIZ® size 
standard. Allelic ladders were included on every 96-well 
plate.

Samples were denatured at 95 °C for 5 minutes and 
snap-cooled prior to injection. Injection was performed 
at 1.2 kV for 24 seconds. STR profiles were analysed using 
GeneMapper® ID-X v1.5 with an analytical threshold of 75 
RFU. Extraction, reagent, and amplification blanks were 
required to be negative prior to interpretation.

Hybrid Fraction Processing

For samples subjected to hybrid recovery, tape and 
swab fractions were processed independently. Each fraction 
underwent separate extraction, quantification, and STR 
analysis. DNA quantities were recorded individually for each 
fraction.

For cumulative comparisons, hybrid yield was 
calculated as the sum of both fractions. For mechanistic 
evaluation of residual substrate-bound DNA (Figure 4), 
fractions were analysed separately to determine the 
proportion recovered during the primary tape-lift relative 
to the secondary swab.

Independent fraction processing allowed direct 
quantification of residual recoverable DNA and avoided 
indirect inference regarding substrate retention dynamics.

Statistical Analysis

Statistical analyses were conducted using RStudio (R 
version 4.3.1). DNA yield (ng/µL) served as the primary 
quantitative outcome variable. Secondary outcomes included 
profile completeness (% loci detected), mean peak height 
(RFU), dropout frequency, and inhibition incidence.

A linear mixed-effects model (lme4 package) was used 
as the primary analytical framework to account for repeated 
measurements and inter-individual variability. Surface 
type, environmental condition, time interval, and recovery 
strategy were treated as fixed effects. Donor was included as 
a random effect to account for shedding variability. Where 
appropriate, extraction batch was evaluated as an additional 
random effect.

Likelihood ratio tests were used to assess the 
significance of fixed effects. For comparability with prior 
literature, factorial ANOVA was additionally performed 
where applicable. Statistical significance was set at p < 0.05. 
Model assumptions were assessed by residual diagnostics 
and inspection of homoscedasticity.

Results 

Overall Effect of Wood Surface Type on DNA 
Yield

DNA yield differed between smooth sealed and rough 
unfinished wood when pooled across environmental 
conditions, time intervals, recovery strategies, and donors 
(Figure 1). Rough unfinished wood produced consistently 
higher DNA quantities than smooth sealed wood. The overall 
mean DNA yield recovered from rough unfinished wood was 
0.052 ng/µL, compared with 0.022 ng/µL for smooth sealed 
wood.

Linear mixed-effects modelling indicated a statistically 
significant main effect of surface type on DNA yield (χ² = 
18.7, df = 1, p < 0.001). The effect remained significant after 
accounting for donor as a random factor, supporting an 
independent contribution of substrate morphology beyond 
donor-to-donor shedding variation. The estimated marginal 
mean difference between unfinished and sealed wood was 
0.030 ng/µL (95% CI: 0.016–0.044 ng/µL).

In addition to higher mean yield, unfinished wood 
exhibited greater dispersion in DNA yield values than sealed 
wood, reflected by a broader distribution in Figure 1. This wider 
spread was most evident for the moderate and high shedder 
categories. Donor-level means showed consistent separation 
between surface types across all shedding categories, with 
unfinished wood yielding higher values for each donor.

https://medwinpublishers.com/IJFSC/
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Overall, these findings demonstrate that wood surface 
type significantly influences the quantity of recoverable touch 
DNA under otherwise equivalent experimental conditions, 
with rough unfinished wood yielding higher recoverable 
DNA than smooth sealed wood.

Effect of Environmental Exposure and Time on 
DNA Yield

Environmental condition and time interval significantly 
influenced DNA yield for both wood surface types (Figure 

2). Across all conditions, DNA yield declined from 3 h to 1 
week, although the magnitude of decline varied by exposure 
condition and surface type. 

Mixed-effects modelling identified significant main 
effects of environmental condition (χ² = 24.3, df = 2, p < 
0.001) and time interval (χ² = 31.8, df = 2, p < 0.001) on 
DNA yield. A significant surface × time interaction was also 
observed (χ² = 9.6, df = 2, p = 0.008), indicating that temporal 
persistence differed between sealed and unfinished wood.

Figure 1: Overall Effect of Wood Surface Type on Touch DNA Yield (N = 324). Distribution of DNA Yield (Ng/µl) Recovered from 
Smooth Sealed Wood and Rough Unfinished Wood Pooled Across Environmental Conditions (RT, LT, HT), Time Intervals (3 H, 
24 H, 1 Week), Recovery Strategies (MS/DS, TL, HY), and Donors (Low, Moderate, High Shedders; Two Technical Replicates Per 
Condition). Violin Plots Illustrate Distribution Density; Central Markers Indicate Mean Values. Linear Mixed-Effects Modelling 
Demonstrated a Significant Main Effect of Surface Type on DNA Yield (Χ² = 18.7, Df = 1, P < 0.001). Unfinished Wood Produced 
Significantly Higher Mean DNA Yield than Sealed Wood.

Under room temperature conditions, both surfaces 
showed a gradual decline over time. Mean DNA recovery 
from sealed wood decreased from 0.025 ng/µL at 3 h to 
0.016 ng/µL at 1 week, whereas unfinished wood decreased 
from 0.055 ng/µL to 0.037 ng/µL over the same interval. 
Despite decline, unfinished wood maintained higher yields 
at all time points.

High temperature exposure produced the most 
pronounced decrease in DNA recovery. Sealed wood declined 
from 0.022 ng/µL at 3 h to 0.010 ng/µL at 1 week, while 
unfinished wood declined from 0.042 ng/µL to 0.021 ng/µL. 
The steeper reductions under elevated temperature were 
consistent with accelerated loss of recoverable material over 
time.

https://medwinpublishers.com/IJFSC/
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Figure 2: Overall Effect of Environmental Exposure and Time on DNA Yield by Surface Type (N = 324). Mean DNA Yield (Ng/
µl ± SD) Recovered from Smooth Sealed and Rough Unfinished Wood Under Room Temperature (RT), Low Temperature/
High Humidity (LT), and High Temperature (HT) Conditions at 3 H, 24 H, and 1 Week Post-Deposition. Data Represent Pooled 
Recovery Strategies and Donors (3 Donors × 2 Technical Replicates Per Condition). Linear Mixed-Effects Modelling Identified 
Significant Main Effects of Environmental Condition (Χ² = 24.3, Df = 2, P < 0.001) and Time Interval (Χ² = 31.8, Df = 2, P < 0.001), 
As Well as a Significant Surface × Time Interaction (Χ² = 9.6, Df = 2, P = 0.008). Error Bars Represent Standard Deviation.

In contrast, low temperature/high humidity exposure 
showed a more moderate decline. Sealed wood decreased 
from 0.023 ng/µL to 0.018 ng/µL between 3 h and 1 week, 
and unfinished wood decreased from 0.051 ng/µL to 0.035 
ng/µL. Across all environmental conditions and time points, 
unfinished wood remained higher-yielding than sealed 
wood, reinforcing a consistent surface effect in addition to 
environmental influences. Collectively, these data show that 
DNA yield from wooden substrates is significantly affected 
by both exposure condition and persistence interval, 
with temporal change dependent on surface type and 
environmental context.

Effect of Recovery Strategy

DNA yield varied by recovery strategy, with method 
performance dependent on environmental condition and 
surface type (Figure 3). Across both wood types, the hybrid 
approach (HY) produced the highest cumulative DNA yields, 
tape-lift (TL) generally produced intermediate yields, and 
single-step swabbing (moistened swab [MS] under RT/HT; 
dry swab [DS] under LT) produced the lowest yields.

Under RT conditions, hybrid recovery from unfinished 
wood yielded a mean DNA concentration of 0.057 ng/µL, 
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compared with 0.044 ng/µL for tape-lift and 0.031 ng/µL for 
moistened swabbing. 

On sealed wood, yields were lower overall (HY: 0.041 
ng/µL; TL: 0.034 ng/µL; MS: 0.028 ng/µL). Mixed-effects 
modelling confirmed a significant main effect of recovery 
strategy under RT (χ² = 22.1, df = 2, p < 0.001).

Under LT conditions (5 °C / 78% relative humidity), 
strategy differences were more pronounced on unfinished 
wood. Hybrid recovery yielded 0.050 ng/µL, compared with 
0.039 ng/µL for tape-lift and 0.026 ng/µL for dry swabbing. 
On sealed wood, hybrid recovery yielded 0.038 ng/µL and 
tape-lift 0.032 ng/µL, while dry swabbing yielded 0.024 ng/
µL. A significant recovery strategy × surface interaction was 
observed under LT (χ² = 9.4, df = 2, p = 0.009), consistent 
with a greater incremental benefit of hybrid recovery on 
unfinished wood.

Under HT conditions, DNA yields decreased across all 
strategies. For unfinished wood, hybrid recovery yielded 
0.044 ng/µL, compared with 0.035 ng/µL for tape-lift and 
0.023 ng/µL for moistened swabbing. For sealed wood, 
hybrid and tape-lift were more closely aligned (HY: 0.033 ng/
µL; TL: 0.029 ng/µL), while moistened swabbing remained 
lowest (0.021 ng/µL). Although hybrid recovery remained 
highest overall, the magnitude of improvement over tape-lift 
was smaller under HT.

When all conditions were analysed together, mixed-
effects modelling confirmed a significant main effect 
of recovery strategy (χ² = 31.6, df = 2, p < 0.001) and a 
significant recovery strategy × surface interaction (χ² = 11.2, 
df = 2, p = 0.004). Overall, tape-lift consistently outperformed 
single-step swabbing, particularly on unfinished wood, 
and the hybrid strategy maximised cumulative yield 
across conditions. The hybrid mechanism and residual 
recoverability are addressed in Section 3.4.

Figure 3: Effect of Recovery Strategy on DNA Yield Across Environmental Conditions and Surface Types (N = 324). Mean DNA 
Yield (Ng/µl ± SD) Recovered Using Moistened Swab (MS; RT/HT), Dry Swab (DS; LT), Tape-Lift (TL), and Hybrid Recovery (HY) 
from Smooth Sealed and Rough Unfinished Wood Under RT, LT, and HT Conditions (3 H–1 Week Pooled). HY Represents the 
Cumulative Yield from Sequential Tape-Lift Followed by Swabbing. Linear Mixed-Effects Modelling Demonstrated a Significant 
Main Effect of Recovery Strategy (Χ² = 31.6, Df = 2, P < 0.001) and a Significant Recovery Strategy × Surface Interaction (Χ² = 
11.2, Df = 2, P = 0.004). Error Bars Represent Standard Deviation. Abbreviations: MS = Moistened Swab; DS = Dry Swab; TL = 
Tape-Lift; HY = Hybrid (Tape + Swab).

Mechanistic Evaluation of Hybrid Recovery 
Strategy

Because the hybrid strategy produced the highest 
cumulative yields (Section 3.3; Figure 3), a fractionation 
analysis was conducted to determine whether hybrid 
gains reflected exclusively improved first-pass recovery or 

additional DNA recovered during the second step. Hybrid 
samples from rough unfinished wood were separated 
into tape and subsequent swab fractions and analysed 
independently (Figure 4).

This fractionation analysis included 162 hybrid samples, 
representing 3 environmental conditions × 3 time points × 
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3 donors × 2 technical replicates. Across all conditions, the 
tape fraction accounted for the majority of recovered DNA. 
Mean tape-derived yields were 0.044 ng/µL (RT), 0.039 
ng/µL (LT), and 0.035 ng/µL (HT). However, measurable 
DNA was consistently recovered from the secondary swab 
fraction, indicating that the initial tape-lift did not exhaust 
recoverable biological material.

Environmental condition influenced the magnitude of 
the secondary fraction. Under LT exposure, the secondary 
swab fraction yielded a mean of 0.017 ng/µL, compared with 
0.013 ng/µL under RT and 0.009 ng/µL under HT. Expressed 
as a proportion of total hybrid recovery, the secondary 
fraction represented approximately 34% under LT, compared 
with 23% under RT and 20% under HT.

Figure 4: Fractionated Analysis of Hybrid Recovery on Rough Unfinished Wood (N = 162). DNA Yield (Ng/µl ± SD) Recovered 
from Rough Unfinished Wood Using the Hybrid Strategy, Fractionated into Primary Tape-Lift and Secondary Swab Components 
Under RT, LT, and HT Conditions (3 H–1 Week Pooled). The Dataset Represents 3 Environmental Conditions × 3 Time Intervals 
× 3 Donors × 2 Technical Replicates (Subset of Total Experimental Samples). Mixed-Effects Modelling Confirmed a Significant 
Main Effect of Fraction Type (Χ² = 26.4, Df = 1, P < 0.001) and a Significant Environmental Condition × Fraction Interaction (Χ² 
= 7.9, Df = 2, P = 0.019), Indicating Condition-Dependent Residual Recoverability. Error Bars Represent Standard Deviation.

Mixed-effects modelling confirmed a significant 
main effect of fraction type (tape vs secondary swab) on 
DNA yield (χ² = 26.4, df = 1, p < 0.001) and a significant 
environmental condition × fraction interaction (χ² = 7.9, df = 
2, p = 0.019), consistent with greater residual recoverability 
under LT exposure. Total hybrid yields presented in Figure 
3 correspond to the sum of the fractionated components 
shown in Figure 4, supporting internal consistency between 
analyses.

STR Profile Quality

STR profile quality trends mirrored quantification 
outcomes and are summarised in Figure 5. Profile 
completeness (percentage of loci above the analytical 
threshold of 75 RFU) varied significantly by environmental 
condition, surface type, and recovery strategy.

Under RT conditions, unfinished wood generally produced 
higher profile completeness than sealed wood across recovery 
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strategies. Tape-lift and hybrid recovery yielded the highest 
completeness, with values typically exceeding ~95% at 
early time points on unfinished wood, whereas sealed wood 
showed lower mean completeness overall (approximately 
~85–92%, depending on recovery strategy). Swab-only 
recovery produced lower completeness than tape-lift and 
hybrid strategies, most notably on sealed wood.

Under LT conditions, completeness remained 
comparatively stable over time. Unfinished wood maintained 
high completeness rates, particularly with tape-lift and 
hybrid recovery, whereas sealed wood showed greater 
sensitivity to recovery strategy, with lower completeness 
under dry swabbing compared with tape-lift and hybrid 
approaches.

Under HT conditions, the largest reductions in 
completeness were observed for both surfaces, with the 
most pronounced decreases on sealed wood at the 1-week 
interval. Tape-lift and hybrid recovery partially mitigated 
these reductions on unfinished wood, although HT profiles 
remained consistently less complete than those generated 
under RT and LT.

Mean peak height (RFU) exhibited parallel trends. Under 
RT and LT, unfinished wood generated higher mean RFU 
values (typically ~1,200–1,600 RFU for tape-lift and hybrid 
recovery at early time points) than sealed wood (~800–
1,200 RFU). Swab-only recovery yielded lower RFU across 
both surfaces, consistent with reduced DNA yield. 

Figure 5: STR Profile Completeness by Environmental Condition, Surface Type, and Recovery Strategy (N = 324). Profile 
Completeness (% Loci Above 75 RFU Analytical Threshold; Mean ± SD) Generated from Smooth Sealed and Rough Unfinished 
Wood Under RT, LT, and HT Conditions Using MS/DS, TL, and HY Recovery Strategies (3 H–1 Week Pooled). Each Condition 
Represents 3 Donors with Two Technical Replicates Per Combination. Linear Mixed-Effects Modelling Demonstrated Significant 
Main Effects of Environmental Condition (Χ² = 44.8, Df = 2, P < 0.001), Recovery Strategy (Χ² = 31.5, Df = 2, P < 0.001), and 
Surface Type (Χ² = 19.6, Df = 1, P < 0.001), with a Significant Condition × Recovery Interaction (Χ² = 14.2, Df = 4, P = 0.007). 
Completeness Trends Corresponded with Mean RFU Variation Observed Across Conditions.

Under HT, RFU declined over time for both surfaces, 
with sealed wood showing a sharper decrease. At the 1-week 
HT interval, mean peak heights frequently approached 
lower stochastic ranges (~400–700 RFU), corresponding to 
increased locus dropout and reduced completeness.

Mixed-effects modelling identified significant main 
effects of environmental condition (χ² = 44.8, df = 2, p < 
0.001), recovery strategy (χ² = 31.5, df = 2, p < 0.001), 
and surface type (χ² = 19.6, df = 1, p < 0.001) on profile 

completeness. Similar significant effects were observed for 
mean peak height (all p < 0.01). A significant condition × 
recovery interaction (χ² = 14.2, df = 4, p = 0.007) indicated 
that the relative benefit of tape-lift and hybrid recovery 
varied by exposure condition.

All profiles were consistent with single-source 
deposition. No interpretable mixed profiles were observed 
under the study’s mixture assessment criteria. Occasional 
low-level non-donor alleles consistent with stochastic drop-
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in occurred sporadically and did not affect overall donor 
attribution or completeness estimates. IPC performance did 
not show systematic differences between surface types (p > 
0.05), supporting that inhibition was not a primary driver of 
STR performance variability.

Inhibition Assessment

Inhibition was assessed using the internal PCR 
control (IPC) metrics from Investigator Quantiplex Pro 
quantification. Inhibition was defined as an IPC Ct shift 
beyond the manufacturer’s expected range and/or a software 
inhibition flag, confirmed by repeat quantification following 
dilution of the extract.

IPC performance was generally stable across the dataset. 
IPC deviation occurred in approximately 4% of extracts and 
was concentrated in unfinished wood under HT exposure. 
Where deviation was observed, repeat quantification 
following a 1:5 dilution restored IPC values to within expected 
ranges, indicating mild inhibition rather than assay failure. 
Diluted extracts did not show disproportionate reductions in 
STR profile completeness beyond reductions attributable to 
lower template quantity under HT exposure.

No consistent inhibition patterns were associated with 
recovery strategy, and no batch-level IPC shifts were observed. 
Extraction blanks, reagent blanks, and amplification blanks 
remained negative throughout, supporting stable analytical 
performance.

Integrated Summary of Experimental Findings

Across the experimental factors evaluated, surface 
morphology, environmental exposure, and recovery strategy 
each significantly influenced touch DNA yield and STR 
outcomes from wood. Rough unfinished wood yielded higher 
DNA quantities than smooth sealed wood across conditions, 
and this surface effect persisted after accounting for donor 
variability in mixed-effects modelling.

Environmental exposure produced condition-
dependent changes in both DNA yield and STR profile 
quality. RT conditions supported the most stable yields and 
STR performance. HT exposure resulted in the steepest 
reductions in DNA yield, RFU, and completeness over 
time. LT exposure showed intermediate behaviour, with 
comparatively stable completeness but evidence of increased 
residual recoverability during sequential hybrid processing 
on unfinished wood.

Recovery strategy significantly affected outcomes in a 
surface-dependent manner. Tape-lift outperformed swabbing 
on unfinished wood, while sealed wood showed smaller 

strategy-dependent differences. Hybrid recovery maximised 
cumulative yield; fractionation analysis demonstrated that 
a measurable residual fraction remained recoverable after 
initial tape-lift on unfinished wood, particularly under LT 
exposure. Across the dataset, profiles remained consistent 
with single-source deposition, and inhibition was infrequent, 
mild, and readily mitigated.

Discussion 

Wood as a Forensic Substrate: Retention and 
Recoverability Dynamics

The present findings demonstrate that wooden 
substrates exhibit surface-dependent behaviour that cannot 
be adequately described using a generic classification such 
as “porous.” Rough unfinished wood consistently produced 
higher mean DNA yields than smooth sealed wood across 
environmental conditions and recovery strategies, indicating 
enhanced initial cellular retention. Surface physicochemical 
properties—including roughness, wettability, and surface 
free energy—are known to influence deposition and 
adhesion of biological material [67,68]. The anisotropic 
grain architecture and microcavities characteristic of 
unfinished wood likely promote mechanical entrapment of 
epithelial cells, supporting earlier observations that wood 
can yield greater DNA quantities than smoother non-porous 
substrates under controlled transfer conditions [10,11].

Importantly, increased retention did not uniformly 
equate to greater immediate recoverability. Sequential 
fraction analysis revealed that measurable DNA remained 
recoverable after primary collection, particularly on 
unfinished wood exposed to humidity. This observation 
indicates that a portion of deposited biological material may 
become partially redistributed or superficially sequestered 
within grain structures, thereby limiting complete removal 
during a single collection pass. The distinction between 
retention and recoverability provides a mechanistic 
framework for understanding why porous substrates may 
exhibit both higher yield potential and recovery method 
sensitivity. This interpretation aligns with broader multi-
surface evaluations demonstrating substrate-dependent 
recovery efficiency [11,22,63].

Environmental Modulation of Persistence on 
Wooden Surfaces

Environmental exposure significantly influenced both 
DNA yield and downstream STR performance. Consistent 
with prior research indicating that time alone may exert 
limited impact under stable room temperature conditions, 
whereas combined temperature and humidity stress can 
substantially influence persistence [17], samples stored at RT 
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maintained relatively stable yield and profile completeness 
across surface types.

In contrast, HT exposure produced progressive 
reductions in mean RFU and increased allele dropout, 
consistent with environmentally accelerated degradation 
processes observed in challenged trace DNA contexts [16,17]. 
Thermal stress likely promotes desiccation, molecular 
fragmentation, and reduced amplifiable template availability.

Under LT conditions (5 °C / 78% RH), yield reductions 
were moderate and did not proportionately reduce profile 
completeness, particularly on unfinished wood. Wood is 
inherently hygroscopic, and moisture-driven swelling, 
shrinkage, and internal gradient formation are well 
documented in wood science literature [69-71]. Although 
these investigations are not forensic in scope, they provide 
a plausible physical basis for redistribution of deposited 
biological material within grain structures under high 
humidity. Such redistribution may alter recoverability 
without immediately compromising DNA integrity. 
Environmental stress therefore appears to interact with 
surface morphology to shape persistence trajectories rather 
than exerting uniform effects across substrate types.

Recovery Strategy and Surface-Dependent 
Efficiency

Both cotton swabbing and adhesive tape-lifting proved 
effective for recovering trace DNA from wooden substrates; 
however, relative performance was surface-dependent. Tape-
lift methods demonstrated modestly higher yields on rough 
unfinished wood, consistent with prior recommendations 
favouring adhesive collection for porous or textured 
substrates [11,24,48]. Adhesive lifting may enhance capture 
of cells lodged within superficial irregularities, aligning 
with method-comparison studies emphasizing substrate-
informed sampling [22,63].

Operational considerations remain central. Wooden 
exhibits encountered in forensic casework frequently involve 
irregular geometries—curved tool handles, carved grips, 
firearm stocks, or narrow structural edges—where flexible 
swabbing permits rotational movement, variable pressure, 
and access to recessed regions. In contrast, adhesive 
minitapes are advantageous for flat, accessible surfaces 
such as panels, frames, and broad handle regions where 
systematic repeated lifts can be applied [24,48,50]. Recovery 
strategy selection should therefore consider both substrate 
porosity and exhibit geometry.

The hybrid recovery strategy produced the highest 
cumulative yields; however, interpretation requires 
mechanistic clarity. Sequential hybrid recovery involves 

independent extraction of two fractions from the same 
defined area, and increased total yield reflects additive 
recovery rather than a fundamentally different capture 
mechanism. Fractionated analysis demonstrated measurable 
residual DNA following primary collection, particularly on 
unfinished wood under humidity exposure. This indicates 
that wooden substrates—especially untreated rough 
surfaces—may preserve recoverable biological material 
beyond the immediately accessible surface layer. The residual 
fraction was condition-dependent and reduced on sealed 
wood, suggesting that retention depth and recoverability are 
governed by surface architecture and environmental context. 
Hybrid recovery may therefore be strategically justified when 
maximal recovery is required, but its incremental benefit is 
substrate- and condition-specific rather than universal.

STR Profile Performance and Analytical Stability

STR profile outcomes closely paralleled quantification 
trends. Higher template quantities were associated 
with increased mean peak heights and greater profile 
completeness, whereas reduced yields under HT exposure 
were accompanied by progressive RFU decline and 
increased dropout frequency. This pattern is consistent 
with established low-template amplification dynamics, 
in which signal reduction precedes allele loss [60]. Under 
LT exposure, RFU decline was comparatively modest and 
completeness remained stable, reinforcing the distinction 
between redistribution and degradation effects.

No interpretable mixed profiles were observed, 
supporting the integrity of contamination control procedures 
and the controlled single-source deposition design. Robust 
contamination prevention remains fundamental in trace 
DNA workflows [38,41-43], and the absence of mixture 
patterns strengthens confidence in analytical stability.

Inhibition assessment demonstrated minimal IPC 
deviation, and dilution-resolved shifts confirmed mild, 
non-persistent inhibition events. Although wood contains 
extractives—including phenolic and tannin-derived 
compounds—capable of influencing chemical interactions 
[67], these substances did not materially compromise 
amplification performance under the present extraction and 
quantification protocols. STR performance variability was 
therefore primarily attributable to template quantity and 
environmental exposure rather than inhibitory effects.

Operational Implications for Casework

The findings support a substrate-informed and 
condition-aware framework for recovery strategy selection 
in operational casework. Rough unfinished wooden surfaces 
may derive modest benefit from tape-based or hybrid 

https://medwinpublishers.com/IJFSC/


International Journal of Forensic Sciences
13

Chahal RB and Alketbi SK. Touch DNA on Wood: Effects of Surface Morphology, Humidity, and 
Adaptive Recovery Strategies on Forensic DNA Yield. Int J Forens Sci  2026, 11(1): 000453.

Copyright©  Chahal RB and Alketbi SK.

recovery, particularly where humidity exposure is suspected. 
Smooth sealed wood can be effectively sampled using cotton 
swabs, with limited incremental gain from hybrid strategies. 
Under suspected HT exposure, timely collection is critical 
due to progressive template degradation.

Hybrid recovery may be justified where maximal yield 
is required from unfinished wood under humid conditions, 
recognising that its benefit derives from cumulative extraction 
of residual material rather than intrinsic superiority of the 
method. Method selection should therefore be guided by 
substrate morphology, environmental context, and evidential 
priorities rather than uniform application across surfaces.

Contextualization within Existing Literature

Previous investigations have established that substrate 
type influences DNA transfer and recovery efficiency 
[10,11,62], and that environmental factors interact with 
surface properties to affect persistence [17]. Method-
comparison studies have emphasized the importance of 
tailoring recovery approaches to substrate characteristics 
[22,63]. The present findings extend this body of work by 
resolving wooden substrates into distinct morphological 
categories and integrating environmental exposure with 
sequential recovery fraction analysis.

Recent substrate-focused investigations highlight 
the importance of physicochemical surface properties in 
governing deposition, retention, and recoverability [67,68]. 
Studies examining handled knives and stored items further 
demonstrate the forensic relevance of optimizing recovery 
from wooden handles and similar exhibits [71,72]. By 
integrating morphology, environmental modulation, and 
recovery fractionation within a controlled design, the 
current study provides a mechanistic synthesis that has 
not previously been systematically reported for wooden 
substrates.

Limitations and Future Directions

The controlled deposition model was necessary to 
isolate substrate- and environment-specific effects. Real-
world casework involves variable contact pressure, repeated 
handling, secondary transfer events, and mixed contributors. 
Future investigations should assess repeatedly handled 
wooden tools, extended aging intervals, species-specific wood 
variability, mechanical abrasion effects, and interactions 
between environmental cycling and biological persistence.

Quantitative surface characterization—such as surface 
roughness measurement or microstructural imaging—
integrated with DNA recovery metrics may further strengthen 
predictive modelling of recovery efficiency. Evaluation of 

direct amplification approaches on wooden substrates may 
also clarify whether extraction-associated template loss can 
be further minimized.

Conceptual Contribution

The present study demonstrates that wooden substrates 
exhibit morphology-dependent retention behaviour and 
environment-modulated recoverability that jointly influence 
DNA yield and STR performance. By distinguishing sealed and 
unfinished wood, incorporating controlled environmental 
exposure, and fractionating sequential hybrid recovery, the 
findings clarify how surface architecture and environmental 
context interact to shape trace DNA outcomes.

Rather than treating wood as a uniform porous material, 
the data indicate that wooden substrates display dynamic 
retention and recoverability behaviour that varies with 
surface finish and humidity exposure. This mechanistic 
framing provides an evidence-based basis for substrate-
informed method selection and advances understanding 
of trace DNA behaviour on wooden objects encountered in 
forensic casework.

Conclusion

This study systematically evaluated the persistence, 
recovery, and downstream STR performance of touch DNA 
deposited on smooth sealed and rough unfinished wooden 
substrates under controlled environmental conditions. 
The findings demonstrate that wooden surfaces exhibit 
morphology-dependent behaviour in which cellular 
retention and analytical recoverability represent related but 
distinct processes.

Rough unfinished wood consistently produced higher 
DNA yields than sealed wood, supporting the role of 
microstructural grain features in enhancing initial cellular 
retention. However, environmental exposure significantly 
modulated recoverability. Stable room temperature 
conditions preserved both DNA quantity and profile 
completeness across surface types, whereas elevated 
temperature resulted in progressive reductions in peak 
height and increased allele dropout. In contrast, low-
temperature high-humidity exposure influenced recovery 
dynamics without proportionate degradation, consistent 
with moisture-driven redistribution within porous structures 
rather than template destruction.

Both cotton swabbing and adhesive tape-lifting proved 
effective for recovering touch DNA from wooden substrates. 
Tape-lift methods demonstrated modest advantages on rough 
unfinished wood, consistent with porous surface behaviour, 
while swabbing remained operationally adaptable for 
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irregular or contoured wooden exhibits. The hybrid recovery 
strategy generated the highest cumulative yields; however, 
fractionated analysis confirmed that this effect reflected 
additive sequential recovery rather than an intrinsically 
superior collection mechanism. Residual recoverable DNA 
following primary sampling was substrate- and condition-
dependent, being most pronounced on unfinished wood 
under humidity-influenced exposure.

STR profile completeness and peak height trends were 
primarily governed by template quantity and environmental 
degradation rather than inhibitory effects, which were 
infrequent and readily mitigated. No interpretable mixed 
profiles were observed, supporting the analytical robustness 
of the experimental design and contamination control 
measures.

Collectively, these results provide a substrate-informed 
and condition-aware framework for touch DNA recovery 
from wooden exhibits encountered in forensic casework. 
Wooden substrates should not be treated as a homogeneous 
category; instead, surface morphology and environmental 
history should guide recovery strategy selection and 
evidential interpretation. By integrating surface finish, 
environmental modulation, and sequential recovery analysis, 
this study advances mechanistic understanding of trace DNA 
behaviour on wood and contributes practical insight for 
forensic application.
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