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Abstract

Mechanical characterization traditionally relies on instruments such as extensometers, strain gauges,
displacement transducers, and specialized optical systems. Although these techniques can provide high
measurement quality, access to advanced instrumentation may be limited in teaching laboratories, small
research groups, field environments, and resource-constrained testing facilities. Digital Image
Correlation (DIC) offers an alternative non-contact technique in which successive images of a patterned
specimen surface are computationally compared to determine displacement and strain fields. Modern
open-source software and inexpensive imaging hardware have considerably lowered the technical and
financial barriers to DIC implementation. Ncorr provides an open-source two-dimensional DIC
environment for full-field deformation measurement, while DICe and uDIC provide additional open-
source computational routes for displacement and strain analysis.

Low-cost implementations based on Raspberry Pi cameras further demonstrate that useful
deformation measurements can be performed without conventional high-cost scientific imaging systems.
This conceptual-methodological study develops a framework for low-cost mechanical characterization
using two-dimensional DIC. The framework integrates specimen preparation, random speckle quality,
camera stability, lens and scale calibration, illumination, image acquisition, correlation parameters,
strain computation, and independent measurement validation. A simulated comparative analysis
examines the conceptual relationship between imaging-system cost and strain-measurement error.
Because no physical experiment or primary image dataset was provided, all numerical results are
explicitly illustrative.

The paper argues that low-cost DIC should not be understood as inexpensive hardware alone;
reliable characterization depends more strongly on controlled image acquisition, suitable spatial
resolution, correct correlation parameters, and traceable validation against known displacement or strain
references. The resulting methodology provides a foundation for affordable tensile, compression,
bending, fracture, polymer, composite, and educational mechanics experiments.

Keywords: digital image correlation, low-cost mechanical characterization, experimental mechanics,
full-field strain measurement, open-source DIC, Raspberry Pi camera, optical metrology, deformation
measurement.
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1. Introduction

Mechanical characterization seeks to quantify how materials and structures respond to applied force,
displacement, pressure, temperature, or other loading conditions. Conventional experimental methods
frequently rely on extensometers for average gauge-length strain, electrical resistance strain gauges for
localized strain, and linear variable differential transformers for displacement measurement. These
approaches remain highly valuable, but most provide measurements only at selected points or over
limited gauge regions. Digital Image Correlation offers a fundamentally different approach because
deformation is inferred from changes in digital images, allowing full-field displacement and strain
distributions to be obtained from the visible specimen surface. Pan, Qian, Xie, and Asundi describe two-
dimensional DIC as an established non-contact technique capable of delivering full-field displacement
with sub-pixel resolution and deriving strain fields from image sequences acquired before and after
deformation.

The basic principle is conceptually simple. A specimen surface is prepared with a random high-
contrast texture, commonly referred to as a speckle pattern. A reference image is recorded before
deformation, followed by additional images as the specimen is loaded. The DIC algorithm divides or
represents the image region through subsets, elements, or other computational structures and determines
the transformation required to match local texture between reference and deformed images. The
resulting coordinate changes produce displacement fields, from which strain can subsequently be
estimated. Ncorr was developed specifically as open-source software for two-dimensional DIC and
includes an accessible graphical interface together with optimized computational routines for
deformation analysis. DICe similarly provides open-source full-field displacement and strain
computation and can operate as standalone software or within larger computational workflows.

Historically, the perceived cost of optical mechanical measurement has been associated not only
with software but also with high-resolution scientific cameras, specialized lenses, synchronization
equipment, lighting, calibration hardware, and dedicated computing systems. Advances in consumer
imaging and small single-board computers have challenged this assumption. Eichhorn and colleagues
demonstrated a low-cost DIC-oriented imaging configuration using Raspberry Pi single-board computers
and 8-megapixel cameras, reporting a system cost that was substantially below conventional laboratory-
camera arrangements while maintaining practical flexibility for experimental deformation
measurements. RealPi2dDIC further combined a Raspberry Pi platform, Pi camera, Python-based
computation, and an open-source interface for in-situ two-dimensional strain-field monitoring. These
developments indicate that DIC accessibility is no longer determined solely by access to premium
hardware.

Low hardware cost, however, should not be confused with automatic measurement reliability.
DIC accuracy is sensitive to image noise, speckle size, subset dimensions, spatial resolution, focus,
camera movement, out-of-plane specimen motion, illumination changes, interpolation, calibration,
strain-filtering choices, and the algorithm used to calculate deformation. The International Digital Image
Correlation Society's Good Practices Guide therefore emphasizes disciplined experimental setup and
validation for DIC measurements conducted alongside mechanical tests. DIC results can also be checked
against known rigid-body displacements, micrometers, precision translation stages, LVDTSs,
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extensometers, laser measurements, or strain gauges. A low-cost system is scientifically valuable only
when uncertainty is understood and measurement performance is independently verified.

The present paper consequently develops a methodological framework for Digital Image
Correlation for Low-Cost Mechanical Characterization. The study focuses primarily on planar two-
dimensional DIC because it requires only one camera and therefore provides the most accessible entry
point for low-cost experimental mechanics. The framework addresses camera selection, specimen
preparation, image geometry, speckle quality, lighting, calibration, open-source software, subset
selection, strain analysis, and validation. Since no real tensile-test images, displacement records, or
material measurements were supplied, the analytical section uses simulated measurement scenarios
rather than presenting fabricated experimental findings.

2. Objectives of the Study

2.1 Development of a Low-Cost DIC Mechanical Testing Framework

The first objective is to develop a practical methodology through which researchers, teaching
laboratories, and small engineering facilities can implement two-dimensional DIC without assuming
access to expensive scientific imaging equipment. The proposed architecture is based on a fixed digital
camera, suitable lens, stable support, controlled illumination, patterned specimen surface, physical
calibration scale, mechanical loading system, and open-source correlation software.

Low cost is defined in functional rather than merely financial terms. The objective is to eliminate
expenditure that does not materially improve the intended measurement while retaining the elements
required for reproducibility. A low-cost camera mounted unstably or operated with uncontrolled
automatic exposure may provide poorer scientific value than a modest camera used within a carefully
controlled optical arrangement.

2.2 ldentification of Measurement Variables Governing Accuracy

The second objective is to identify the experimental variables that most strongly influence low-cost DIC
quality. These include field of view, pixels per millimeter, image focus, speckle contrast, speckle
dimensions, camera—specimen alignment, subset size, step size, lens distortion, exposure consistency,
frame rate, displacement magnitude, and strain-window selection.

The study seeks to demonstrate that inexpensive DIC should be optimized through control of
these variables rather than through indiscriminate purchase of higher-resolution hardware. Resolution is
useful only when the specimen texture, optics, lighting, and correlation settings permit the additional
image information to contribute to reliable displacement tracking.

2.3 Establishment of an Independent Validation Strategy
The third objective is to establish a validation hierarchy for low-cost DIC. Before an unknown material
property is reported, the measurement system should first be challenged with a known or independently
measurable displacement or strain.

This may involve a precision translation stage, micrometer-controlled rigid-body movement,
extensometer, LVDT, strain gauge, or other traceable reference. Such comparison allows bias, random
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variation, repeatability, and spatial consistency to be estimated before DIC is used as the principal
characterization method.

3. Review of Literature

3.1 Development and Measurement Principles of Digital Image Correlation

Two-dimensional DIC has become widely established in experimental mechanics because it combines
comparatively simple image acquisition with flexible computational deformation analysis. Pan and
colleagues systematically review the technique and identify experimental conditions, algorithm
formulation, subset characteristics, interpolation, and strain estimation as important contributors to
measurement accuracy. Later historical analysis by Pan describes the development of DIC from its early
foundations toward increasingly sophisticated two-dimensional and stereo measurement systems.

The conceptual equations are simple, but numerical strain computation is more sensitive to noise
than displacement estimation because differentiation amplifies local measurement variability.
Consequently, strain-window size and filtering must be chosen carefully so that noise is reduced without
eliminating genuine strain localization.

3.2 Open-Source DIC and Reduced Software Barriers

Open-source software has played an important role in making DIC accessible to laboratories unable to
purchase commercial packages. Blaber, Adair, and Antoniou introduced Ncorr as open-source two-
dimensional MATLAB-based DIC software intended to provide flexible deformation measurement,
visualization, and analysis through an accessible interface. Its development addressed the historical
shortage of freely available, well-documented correlation tools.

DICe provides another open-source route and is designed to calculate full-field displacement and
strain from digital image sequences. Its documentation describes both standalone and programmatically
integrated operation and supports two-dimensional as well as stereo-oriented workflows. Such software
is particularly useful for teaching and methodological research because correlation parameters and
algorithms can be examined more transparently than in fully closed systems.

Olufsen, Andersen, and Fagerholt introduced uDIC as a Python-based open-source toolkit
providing DIC analysis, virtual experiments, sensor-artifact modeling, and synthetic speckle generation.
Virtual experiments are valuable in low-cost implementation because users can investigate algorithm
sensitivity before physical experimentation. The existence of several open-source environments means
software licensing is no longer necessarily the dominant financial barrier to basic DIC.

3.3 Low-Cost Imaging Systems and the Remaining Accuracy Challenge
The hardware barrier has also decreased considerably. Eichhorn and colleagues demonstrated the use of
Raspberry Pi computers and associated cameras in a multi-camera deformation-measurement system.
Their work shows that low-cost imaging can provide flexible experimental configurations and make
optical deformation measurements accessible to laboratories with limited budgets.

RealPi2dDIC extends this concept by combining Raspberry Pi imaging with an open-source
Python-based DIC environment for full-field deformation and strain monitoring. The software was
developed specifically as a low-cost in-situ DIC approach and incorporates a user interface to improve
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accessibility. These studies establish technical feasibility but do not imply that every inexpensive camera
will automatically produce equivalent measurements.

The key research gap therefore concerns measurement discipline rather than hardware existence.
Lower-cost cameras can exhibit rolling shutter, automatic exposure adjustment, compression artifacts,
lens distortion, sensor noise, focus variation, or limited frame rate. These problems can be controlled or
tolerated in many quasi-static tests, but they must be assessed rather than ignored. Good-practice
guidance therefore recommends validation and documentation of image scale, specimen pattern, spatial
resolution, correlation parameters, and uncertainty.

4. Research Methodology

4.1 Experimental Architecture for Low-Cost 2D DIC

The proposed methodology assumes a quasi-static mechanical test in which one visible specimen surface
remains approximately planar relative to a fixed camera. Suitable examples include tensile coupons,
bending specimens, polymer strips, composite laminates, simple fracture specimens, cellular materials,
and low-speed structural models.

A minimal hardware arrangement consists of a rigid camera support, digital imaging device,
fixed optical geometry, diffuse illumination, specimen with high-contrast random speckles, mechanical
loading apparatus, calibration scale, and computer for image analysis. Consumer cameras, USB cameras,
Raspberry Pi cameras, or smartphones may be suitable when their limitations are characterized.

The camera should remain stationary throughout the test. Optical and digital stabilization
features capable of altering image geometry between frames should normally be disabled where
possible. Exposure, focus, white balance, and ISO or gain should preferably remain fixed once
acceptable image quality has been established.

4.2 Image Quality, Calibration, and Correlation Procedure

The specimen should contain a random pattern that provides sufficient local grayscale variation for
correlation. Speckles that are extremely small relative to pixel dimensions may not provide stable
texture, whereas excessively large speckles can reduce the amount of unique information available
within a correlation subset.

Table 1: Proposed Low-Cost DIC Experimental Control Framework

Control . Main Error if Poorly | Recommended
Low-Cost Implementation s
Element Controlled Validation

Apparent specimen

Camera Rigid tripod, rail, or . No-load image

. . motion from camera
mounting fabricated frame - sequence
vibration
. . . Inspect subset
Matte contrasting paint or Correlation loss and P
Speckle pattern . . texture and

printed/random pattern noisy displacement

correlation quality
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Control Low-Cost Implementation Main Error if Poorly | Recommended
Element P Controlled Validation
Compare
N . _— Artificial intensit stationar
Illumination Stable diffuse LED lighting - y _y
variation consecutive
frames
Scale Ruler, calibrated target, or Incorrect displacement | Measure known
calibration known gauge dimension conversion reference distance
.. Pixel-level
Manual or locked camera Changing image i i
Focus/exposure : inspection before
settings texture and sharpness .
testing
. Ncorr, DICe, uDIC . Synthetic or
Correlation o e Algorithm-parameter
RealPi2dDIC or suitable g . p ) known-
software . sensitivity .
equivalent displacement test
Extensometer, LVVDT, strain . Direct comparison
Independent . Unrecognized
gauge, micrometer or L over common load
reference . systematic bias i
translation stage interval

For quasi-static testing, images should ideally be captured at sufficient intervals to avoid excessive
subset decorrelation between successive frames. For large deformation, incremental image-to-image
correlation may be preferable to correlating every frame directly with the undeformed reference.

4.3 Validation and Simulated Comparative Analysis
Before unknown material response is interpreted, a zero-strain or rigid-translation test should be
performed. A stationary specimen can be photographed repeatedly to estimate noise-induced
displacement and strain. A known translation can then assess scale and displacement accuracy. The DIC
educational resource maintained by the experimental-mechanics community specifically recommends
comparison against known translation, LVDT, laser measurements, extensometers, or strain gauges.
Because no original measurements were available, four illustrative imaging configurations were
simulated: basic phone/webcam, low-cost USB camera, Raspberry Pi camera, and industrial camera.

5. Analysis

5.1 Cost Reduction Is Most Effective When Experimental Control Is Preserved

The conceptual analysis indicates that DIC cost can be reduced at several points without eliminating
essential measurement functions. Open-source software removes commercial license expenditure,
inexpensive cameras reduce acquisition costs, and simple stable lighting can replace sophisticated
optical illumination in quasi-static laboratory experiments.
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However, cost reduction should not eliminate rigidity, calibration, or validation. A camera mounted on
an unstable lightweight support can generate apparent displacement fields even when specimen
deformation is unchanged. Likewise, changing automatic exposure between frames may alter grayscale
intensity sufficiently to affect correlation.

5.2 Simulated Accuracy—Cost Comparison

Table 2: Simulated Accuracy—Cost Characteristics of DIC Imaging Configurations

Imaging Relative Cost | Simulated RMS Strain Typical Characterization
Configuration Index Error (%) Role
Basic Demonstration, education, large
phone/webcam 15 0.22 £ 0.06 C 1
deformation
setup
Low-cost USB 08 015+ 0.04 Quasi-static !abqratory
camera characterization
Raspberry Pi 36 011+ 003 FIeX|bI_e Ic_)w-cost_ rese_arch and
camera system distributed imaging
Industrial camera 90 0.07 + 0.02 Higher-demand laboratory
system measurement

Note: Values and uncertainty intervals are entirely simulated. They do not represent measurements from
particular camera models or commercial systems.

Graph 1: Hlustrative Accuracy—Cost Trade-Off in 2D Digital Image Correlation
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Key Finding: The graph suggests that low-cost DIC can occupy a useful accuracy range when image
acquisition is carefully controlled. It does not demonstrate that inexpensive cameras equal scientific
cameras. Industrial hardware may provide substantial advantages in frame rate, synchronization, noise
performance, optics, trigger control, calibration stability, and demanding high-speed applications that are
not captured in this simplified simulation.

5.3 Full-Field Characterization Creates Value Beyond Low Equipment Cost

The strongest advantage of DIC is not merely financial. An extensometer can provide accurate average
axial strain, but it cannot reveal an entire two-dimensional strain field. DIC can display nonuniform
deformation around holes, notches, cracks, joints, material interfaces, necking zones, or heterogeneous
microstructures.

This additional information can change how mechanical behavior is interpreted. A tensile
specimen may produce an apparently smooth global load—displacement response while developing a
localized strain concentration well before visible failure. Full-field measurement allows the location and
evolution of this concentration to be examined.

Low-cost DIC is therefore particularly valuable for education and exploratory research because
the same experiment can demonstrate mechanics concepts visually. Students can connect stress—strain
behavior with deformation localization instead of viewing only a scalar value from a testing-machine
display.

6. Discussion

6.1 Low-Cost DIC Should Be Defined by Measurement Fitness Rather Than Camera Price

A primary implication of this study is that the phrase low cost should be treated as an engineering
optimization objective. The least expensive imaging device is not necessarily the most economical
system if it produces unreliable data and repeated experiments.

The Cambridge Raspberry Pi implementation demonstrates that substantial reductions in
imaging-system cost are technically feasible while retaining useful deformation-measurement capability.
RealPi2dDIC similarly shows how low-cost hardware and open-source software can be integrated into
an accessible in-situ DIC system. The significance of these studies lies not in proving universal accuracy
for cheap cameras but in showing that high equipment price is not a prerequisite for all DIC applications.

A fit-for-purpose approach should therefore specify the smallest strain or displacement that must
be resolved, deformation rate, field of view, required spatial resolution, environmental conditions, and
test duration before hardware is selected.

6.2 Pattern Quality and Image Acquisition Can Dominate the Measurement
The second implication concerns specimen preparation. DIC estimates motion from image texture;
consequently, a high-resolution camera cannot compensate for a poor correlation pattern. Speckles
should create locally unique intensity distributions throughout the region of interest.

Lighting should likewise remain spatially and temporally stable. Glare from glossy specimens
can change as a surface rotates during deformation, creating brightness changes unrelated to actual
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motion. Matte surface preparation and diffuse lighting can therefore improve correlation quality at
minimal cost.

Pan and colleagues emphasize that measurement accuracy is affected by experimental conditions
as well as algorithmic details. The Good Practices Guide similarly treats patterning, imaging, calibration,
correlation, and reporting as connected components of a complete DIC experiment. These principles are
especially important when lower-cost hardware provides less tolerance for experimental inconsistency.

6.3 Independent Validation Is Essential Before Material Properties Are Reported

A third implication is that open-source software output should never be interpreted as automatically
accurate simply because a displacement or strain map appears smooth. Attractive full-field visualization
can conceal systematic error.

The appropriate validation hierarchy begins with a stationary test, followed by known rigid
displacement, followed by comparison with an independent strain or displacement sensor under actual
loading. Experimental-mechanics guidance specifically identifies precision rigid translations, LVDTS,
lasers, extensometers, and strain gauges as possible reference methods.

Validation is particularly important when DIC is used to estimate Young's modulus or other
properties dependent on small strains. Measurement noise representing only a minor fraction of a large
fracture strain may become a significant portion of the strain signal within the elastic regime. Therefore,
a setup appropriate for visualizing large deformation is not automatically adequate for precise elastic-
modulus characterization.

7. Conclusion

Digital Image Correlation provides a powerful route to non-contact full-field mechanical
characterization by converting ordinary digital images into spatial displacement and strain information.
The development of open-source programs such as Ncorr, DICe, uDIC, and RealPi2dDIC has
substantially reduced software-access barriers, while inexpensive cameras and single-board computing
systems have expanded the range of feasible imaging configurations.

The conceptual framework developed in this paper demonstrates that reliable low-cost DIC
requires coordinated control of specimen patterning, imaging geometry, illumination, camera stability,
calibration, correlation parameters, strain calculation, and independent validation. The most important
reduction in cost therefore comes not from removing measurement controls but from replacing
expensive components only where simpler alternatives can perform the required function.

The simulated accuracy—cost analysis illustrates the proposition that a carefully configured low-
cost camera system may provide useful mechanical-characterization performance for quasi-static
experiments while specialized industrial cameras retain advantages for higher precision,
synchronization, high speed, stereo measurement, or severe testing conditions. These numerical values
are purely illustrative and require experimental validation.

Future experimental work should implement the proposed framework using a standardized
tensile specimen and compare DIC-derived displacement and strain with extensometer or strain-gauge
measurements. Systematic variation of image resolution, speckle size, subset size, lighting, camera type,
and strain window would permit uncertainty to be quantified directly. Such validation would establish
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application-specific performance limits and allow low-cost DIC to be used confidently in teaching
laboratories, small research facilities, and other experimental environments where conventional full-field
optical measurement systems remain financially difficult to access.
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