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Abstract

Traditional tools for assessing burns, such as the Vancouver Scar Scale and Cutometry, provide only subjective or localized mechanical evaluations.
These methods lack the capacity to deliver comprehensive, objective data on skin deformation, particularly during dynamic movement. This study
aims to demonstrate the utility of 3D-Digital Image Correlation (3D-DIC) as a non-invasive, quantitative technique for capturing full-field strain and
displacement responses of the skin throughout the complete articular range of motion of the distal upper extremity. An in vivo experimental protocol
was applied to a healthy subject to evaluate the mechanical behavior of the skin on the dorsal hand and volar forearm. 3D-DIC was used to quantify
strain and displacement during metacarpophalangeal flexion (MF), composite fist (CF), wrist flexion (WF), and wrist extension (WE). Cutometry was
also applied on volar and dorsal regions of the forearm to obtain comparative strain profiles under localized suction. 3D-DIC revealed semicircular
skin recruitment patterns. Maximum displacements of 9 mm and 11 mm were observed for MF and CF, respectively, with corresponding maximum
strains of 30 % and 35 %. During WF and WE, displacements ranged from 10-12 mm, with the highest strain localized near the radiocarpal joint.
While Cutometry and 3D-DIC yielded different strain behaviors, the two methods proved complementary, enhancing the understanding of skin de-
formation under different mechanical stimuli. These findings suggest that 3D-DIC can serve as a robust, objective tool for evaluating skin mechanics
in clinical and research settings, especially for applications involving scar assessment, surgical planning, and rehabilitation monitoring.

Keywords: Cutometer, digital image correlation, mechanical behavior, skin deformation, skin displacement.
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QUANTITATIVE AND OBIECTIVE FULL-FIELD STRAIN MEASUREMENTS OF HEALTHY HUMAN SKIN DURING DISTAL UPPER EXTREMITY RANGE OF MOTION

INTRODUCTION

Chronic wounds, defined as those that fail to heal
within approximately three months, are a growing glo-
bal health challenge, with a prevalence of around
0.18 % — 0.32 % in the general population, and up to
2 % in developed nations (Jarbrink et al., 2016; Olsson
et al., 2018; Vazquez et al., 2019; vanAlpen et al., 2023).
Burn injuries constitute a significant subset of chronic
wounds. In high-income countries, 2 % — 6 % of burn
wounds become chronic, but this rate rises dramatica-
lly -to 12 % — 41 %- in lower-resource settings (Fryk-
berg & Banks, 2015). Hospital data also indicate that
10 % —70 % of burn admissions involve the hand or
wrist, and approximately 50 % of those affect both
hands due to instinctive protective reflexes (Moore et
al., 2009).

Treating burns of the hand presents unique challen-
ges, given the need to preserve mobility, sensation, and
extensive joint range. Multidisciplinary burn units are
critical to preventing functional loss (Maslauskas et al.,
2009). Particularly, contracture formation, pathological
scar tissue shortening that restricts motion and alters
anatomy, is one of the main complications of burns (Re-
ginald, Rl et al., 2009). Current treatments include per-
manent autografts or dermal matrices, and temporary
xenografts/allografts (Elseth & Nunez, 2021). However,
evaluating outcomes has traditionally relied on subjec-
tive, superficial tools (Fearmonti et al., 2010), such as the
Patient and Observer Scar Assessment Scale (Draaijers
et al., 2004) and the Vancouver Scar Scale d (Nedelec et
al., 2000; Sullivan et al., 1990). The main advantage of
these two scales lies in their ease of implementation,
which has contributed to their widespread use around
the world. However, both are inherently subjective and
suffer from limited reproducibility. Therefore, there is a
need for more consistent methodologies and objective
measurement techniques using advanced instruments
(Ud-Din & Bayat, 2016).

In recent years, there has been a substantial rise in
clinical and preclinical studies exploring biomechanical
monitoring of wound healing using techniques such as
suction (Mueller et al., 2021; Boyer et al., 2011; Dirido-
llou et al., 2000; Barel et al., 1998) indentation (Pailler-
Mattei et al., 2008), tension (Delalleau et al., 2008),
torsion (Agache et al., 1980) and double exposure pho-
tography (DEP) technique, used to determine displace-
ment fields of human skin under normal range of
motion (RoM) and to identify cutaneous functional (Ri-
chard et al., 2009).

Indentation and torsion techniques are predomi-
nantly used in research environments rather than in
routine clinical practice, as their output can vary signi-

ficantly with experimental parameters. For instance, in
vivo indentation of forearm skin has reported Young'’s
moduli around 4.5-8 kPa, but precise values depend on
probe size, indentation speed, tissue hydration, and
anatomical site (Blair et al., 2020; Pailler et al., 2008). Tor-
sion tests, applying controlled torque to measure vis-
coelastic response, yield moduli in the 0.4-1.1 MPa
range, yet results are inconsistent unless factors like
skin orientation and fixture method are standardized
(Blair ef al., 2020). Critically, both techniques require re-
plicating the complex state of stress and strain genera-
ted during natural movement, but they are typically
conducted under static or constrained conditions that
do not reflect in vivo biomechanics. As a result, achie-
ving reliable, physiologically relevant measurements
remains challenging.

Cutometry is a suction-based technique that is wi-
dely used in both clinical and research settings to assess
the mechanical properties of skin (Mueller et al., 2021).
It offers high reproducibility, portability, and rapid, mi-
nimally invasive measurements (Held et al., 2014).
However, it is a point-based method, relying on probes
typically ranging from 2 to 8 mm in diameter, which
limits its applicability for evaluating larger anatomical
regions. Additionally, there remains inherent uncer-
tainty regarding the contribution of skin depth and un-
derlying structures to the measured suction-strain
response. To overcome these limitations and achieve a
more comprehensive understanding of strain and stress
distribution, complementary techniques are recom-
mended. One such technique is Digital Image Correla-
tion (DIC), a non-contact optical method capable of
capturing full-field strain and displacement measure-
ments under physiological motion. This is particularly
relevant for analyzing complex, dynamic regions such
as the hands and wrists. DIC provides spatially resol-
ved visual maps of mechanical behavior with high ac-
curacy and low error margins (Xu et al., 2019), making
it a powerful tool for biomechanical skin analysis in
both research and clinical applications.

Digital Image Correlation (DIC) has been employed
to evaluate the mechanical behavior of human skin in
both in vitro and in vivo contexts. In early applications,
Marcellier et al. (2001) conducted 2D in-plane strain
measurements using DIC on excised human skin sam-
ples, combining the technique with extensometry and
cutometry to enhance the accuracy and richness of me-
chanical data in vitro. Later, Evans & Holt (2009)
applied DIC to measure skin displacement on the fo-
rearm in vivo under a 5 N transverse load. Their fin-
dings revealed a maximum displacement of appro-
ximately 8.5 mm, as well as local wrinkling near the
application point, demonstrating the technique’s sensi-
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tivity to subtle mechanical responses. In 2014, Podowo-
jewski et al. utilized DIC to characterize the biaxial
mechanical behavior of the human abdominal wall ex
vivo under inflation loading. Their study evaluated tis-
sue deformation before and after surgical mesh implan-
tation, revealing that the longitudinal strain (parallel to
the linea alba) increased from 6.0 % at baseline (50
mmHg) to 7.9 % post-incision, and returned to 6.8 %
following mesh repair. These examples underscore
DIC’s capacity to provide detailed, spatially resolved
insights into tissue mechanics under clinically relevant
conditions.

In 2015, Wilson et al. employed DIC to investigate
the effects of botulinum toxin on facial dynamics. Their
study demonstrated a marked reduction in skin defor-
mation following neurotoxin injection: vertical stretch
in the glabella decreased from 2.51 % to 1.15 %, and in
the forehead from 6.73 % to 1.67 %. These findings
highlighted the utility of DIC in evaluating facial kine-
matics, particularly in the context of aging and neuro-
muscular modulation. In another study, Khatam et al.
(2014) combined stereophotogrammetry with DIC to
assess changes in breast skin deformation during posi-
tional transitions from supine to upright. They reported
a significant increase in the principal stretch ratio, from
1.25 to 1.60, particularly in the region above the nipple,
illustrating how gravitational forces alter soft tissue
mechanics. Similarly, Maiti et al. (2016) used DIC in
conjunction with optical coherence tomography to
analyze forearm skin deformation induced by joint mo-
vement. They reported strain values of € = 5.6 % along
the medial forearm and ¢, = 23.3 % along the proximal
direction at full extension. The study reinforced DIC’s
value as a robust, non-invasive tool for capturing the
biomechanical response of skin under natural motion
conditions.

In 2017, Xue et al. used 2D DIC to measure skin stra-
in on the dorsal hand during finger extension, repor-
ting a maximum strain of approximately 3.3 % at the
metacarpophalangeal joint of the third finger. In 2018,
Solav et al. applied 3D DIC to the calf region during
ankle plantar flexion and observed a compressive
stretch ratio around -1.1, suggesting its diagnostic va-
lue for early-stage treatment planning. More recently,
Chen et al. (2020) introduced a panoramic DIC setup
using mirrors to capture forearm skin deformation du-
ring fist clenching, reporting maximal principal strains
of about 0.1 %, which demonstrated DIC’s versatility
for capturing fine mechanical responses.

Although numerous studies have explored the
application of Digital Image Correlation (DIC) to assess
the mechanical behavior of human skin, there remains
a need for standardized, full-field evaluations of strain

and displacement throughout the entire articular range
of motion. Conventional assessment tools commonly
used in burn management, such as the Vancouver Scar
Scale and Cutometry, offer either subjective functional
evaluations or localized mechanical measurements,
respectively. However, these approaches are limited in
their ability to capture the comprehensive mechanical
and functional behavior of the skin. As such, there is a
pressing need for methodologies that enable simulta-
neous, quantitative, and objective evaluation of both
function and mechanical response. Therefore, the main
objective of this study is to demonstrate that 3D-DIC is
a suitable technique for capturing full-field strain and
displacement measurements of the skin in the distal
upper extremity throughout the full articular range of
motion.

Furthermore, we specifically selected four common
hand and wrist movements: Metacarpophalangeal
flexion, composite fist, wrist extension, and wrist
flexion, to examine the recruitment zones of skin across
the upper limb surface, given that there is no clear evi-
dence in the literature describing de patterns and re-
gions of displacement and deformation to permit these
joint motions. This gap is particularly relevant because
these gestures are typically evaluated during the exa-
mination of burned hands in clinical settings.

METHODOLOGY: SUBJECTS AND METHODS

SUBJECTS

An in vivo study was performed to explore healthy fo-
rearm and dorsal hand skin. The strain profiles of the
volar and dorsal forearm skin were obtained using a
Cutometer. Deformation and strain for the complete
RoM, for metacarpophalangeal flexion, composite fist,
wrist flexion, and wrist extension, were also evaluated
using 3D-DIC to compare their mechanical responses.
Three men participated in the study. They aged bet-
ween 23 and 24 years with a Body Mass Index (BMI)
ranging 23-24.5. Volunteers were free of scars in the do-
minant arm and had no history of skin disease or ortho-
pedic conditions affecting joint RoM. Each subject
signed an informed consent form according to the
WMA Declaration of Helsinki, and all research was ap-
proved by the Research Committee of Instituto Nacio-
nal de Rehabilitacién Luis Guillermo Ibarra Ibarra,
registration number 31/17. Subjects were asked to sha-
ve the forearm 48 hours before the experiment, avoid
using cosmetics or moisturizers 24 hours before the
test, and perform standard morning cleaning. The sub-
jects were allowed to rest 50 minutes before data acqui-
sition in a room without direct sun exposure. Data
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acquisition for 3D-DIC and Cutometer were recorded a
week apart to avoid the interaction of methods. Just the
most representative case is presented in this work.

METHODS

3D-Digital Image correlation

For data acquisition, we used the ARAMIS 5LMT,
GOM system, and its processing software version 6.3
(GOM mbh, 2009). ARAMIS 5LMT consists of two ad-
justable stereo vision cameras with 5 MPixels of resolu-
tion (2448x2050 pixels), an external white light source,
and a laser pointer. An area of interest was defined from
the metacarpus to the elbow of the subjects. Thus, the
resulting measuring volume was 330 x 250 x 120 mm
in length, width, and height, respectively. Noticing that
the center of the arm’s surface -to be measured- mat-
ches the measuring volume’s center, Figure 1la shows
the 3D-DIC cameras setup. The distance between came-
ras was 254 mm and the distance to the volume center
was 660 mm; additionally, a CP 20 350X280 calibration
panel was used. After the calibration procedure accor-
ding to ARAMIS 6.1 user Manual-Software, we obtai-
ned calibrated images exhibiting a pixel size of 0.16 mm
and a permissible error < 0.04 pixel. In these measure-
ments we defined the positive Y-axis point towards the

660 mm
Y <

0.3 tissue

02

0.1

Vertical displacement (mm)

Time (s)

proximal direction and the negative Y corresponds to
the distal direction. In addition, a device was construc-
ted to control the position of the upper extremity in the
initial and final positions, to eliminate accessory move-
ment during the test of metacarpophalangeal flexion,
compound fist, wrist flexion, and wrist extension
ROMs. Thus in the next subsection skin preparation de-
tails will be exposed.

Skin preparation

The 3D-DIC technique requires specific surface pre-
paration to enhance the correlation process. For this
study a preparation method was developed for external
use only. The forearm of the subjects was coated with a
thin layer of white artistic makeup, (Createx, México).
We applied the makeup from the flexion crease of the
elbow until the proximal interphalangeal joint for the
dorsal region. Additionally, seven reference marks
were drawn to facilitate the analysis: transverse crease
over the radiocarpal joint, two inches proximal to the
transverse crease over the radiocarpal joint, flexion
crease of the elbow, the half distance between wrist
crease and elbow crease, the middle line of hand, pro-
jection of the transverse palmar crease to the hand dor-
sum and 10 mm proximal to the transverse palmar
crease. In the volar forearm, the makeup covered from

Figure 1. Cutometry and 3D-DIC
experimental setups. a) DIC cameras
setup, b) skin preparation and seven
reference marks for DIC measurements,
c) cutometer probe diagram. The
coordinate axes of the measurement
are shown. +Y proximal, -Y distal.

d) Measured points on the arm with
cutometer.
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the flexion crease of the elbow to the distal transverse
wrist crease and four reference marks were drawn:
transverse wrist crease, flexion crease of the elbow, one
inch proximal to the distal transverse wrist crease, and
the longitudinal axis of the forearm. Figure 1b shows
the skin preparation on the forearm and the reference
marks.

Besides, a stochastic pattern of black points over the
white background, was applied spreading black eye
makeup powder; the quality of the preparation was
checked before data collection, the measurement error
was less than 0.04 pixels. Subjects were seated beside a
table with their forearm supported on the custom posi-
tioning device for data acquisition.

Data acquisition

A sampling frequency of 10 Hz was used in all ca-
ses. Subjects performed four trials of the desired joint
movement to familiarize themselves with the move-
ment and to precondition the skin, prior to data acqui-
sition. All movements were performed in an active
manner, except for wrist extension to 70 degrees, which
was conducted in an active-assisted fashion. Assistance
was provided to ensure that full RoM occurred among
the volunteers.

MEASURED JOINT MOVEMENTS

Metacarpophalangeal flexion (MF)

A measurement region was defined from the head
of the metacarpals to the middle of the forearm. For the
initial position, the hand was placed matching the refe-
rence mark of the projection of the transverse palmar
crease to the hand dorsum with the edge of the table
and positioning device, in pronation and full extension.
The middle line of the hand was positioned perpendi-
cular to the transverse crease over the radiocarpal joint,
to obtain the neutral position. The subjects were asked
to perform the metacarpophalangeal flexion move-
ment, starting from the neutral position to the final po-
sition at 90 degrees and to return to neutral. The total
acquisition time was 6 seconds.

Composite fist (CF)

A measuring region was defined from the head of
the metacarpals to the middle of the forearm. In the ini-
tial position, the forearm was placed 10 mm proximal
of the transverse palmar crease mark at the edge of the
positioning device in full pronation. The middle line of
the hand was perpendicular to the transverse crease
over the radiocarpal joint. After this alignment, the sub-
jects were asked to progressively perform the interpha-
langeal distal and metacarpophalangeal flexion

movement, using only from the second to the fifth pha-
lanx. The subject was asked to make the previously des-
cribed movement in 4 seconds and return to the initial
position in 4 seconds for data collection. Data were re-
corded for 12 seconds.

Wrist flexion (WF)

The measuring region was defined from the trans-
verse distal wrist crease to the flexion creases of the el-
bow. For the initial position, the hand was placed with
the fist closed, matching the mark 2 inches proximal to
the wrist crease with the edge of the positioning device
and the table, the midline of the hand perpendicular to
the line of the crease of the wrist. For data collection,
the subject was asked to perform the wrist flexion from
the initial position to the final position at 90 degrees
and back in 8 seconds. Data were recorded for 12 se-
conds.

Assisted wrist extension (WE)

A measurement region was defined from the trans-
verse wrist crease to the flexion crease of the elbow. For
the initial position, the arm was placed matching the
mark 1 inch proximal to the wrist crease with the edge
of the positioning device. The longitudinal axis of the
forearm was perpendicular to the wrist crease. The sub-
jects were assisted in extending the wrist to 70 degrees
and returning to a neutral position in a controlled fas-
hion. The complete movement took 8 seconds, and data
were recorded for 12 seconds.

The full-field displacement and principal strain
maps were calculated for the final position of four joint
movements. Principal strains were reported and allow
an absolute comparison of the strains measurement
over the interest joints. A detailed analysis was perfor-
med along the longitudinal axes in five sequential posi-
tions for each movement.

Cutometry

To evaluate the strain response of the skin surface
undergoing suction, a Cutometer 580, Courage + Kha-
zaka electronic GmbH with a 2 mm internal diameter
probe was used. Measuring sites were selected at the
dorsal and ventral forearm. Measuring marks were pla-
ced on the longitudinal axis of the dorsal forearm from
the flexion crease of the elbow to the proximal interpha-
langeal joint; and on the longitudinal axis of the volar
forearm from the flexion crease of the elbow to the dis-
tal transverse wrist crease, at 1 cm distance as shown in
Figure 1d.

Ten suction cycles of 450 mbar were applied, with a
pattern of two seconds of suction and two seconds for
skin relaxation, and a sampling frequency of 100 Hz.
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The curves of the penetration height of the skin into the
probe as a function of time were registered. Figure 1c
shows a lateral view of the cutometer probe, and a typi-
cal curve obtained by Cutometry. RO was found from
the curve, as the maximum height registered in the first
cycle of actuation.

The cutometer responses were contrasted with 3D-
DIC skin mechanical response along the longitudinal
axis of the hand dorsum and forearm. These measure-
ments were conducted over the dorsal forearm pro-
voked by metacarpophalangeal flexion; the strain in the
volar forearm was generated by wrist extension. The
strain data from DIC was processed as follows: an early
stage from each of 3 different experiments were selec-
ted and averaged to obtain the maximum strain values.
Then, to contrast the response these data were superim-
posed with the RO parameter from the Cutometry.

REesutts

Full-field displacement and major strain maps of the
forearm skin were obtained from the tested subjects
through 3D- DIC during the joint movement when per-
forming the full range of joint motion of MF, CF, WF
and WE. The generated maps permitted the observa-
tion of the recruitment patterns generated over the tes-
ted joint and its vicinity.

The maps generated by metacarpophalangeal
flexion (MF) and composite fist (CF) are shown in Figu-
re 2. The obtained displacement maps made it possible
to quantify the displacement generated by the full RoM
of the metacar- pophalangeal joint and visualize the
skin recruitment in each axis separately. For MF, in the
x-axis (medial to lateral), a maximum displacement of
— 2 mm was measured in the head of the fifth metacar-
pal; additionally, a displacement of +3 mm in the head
of the second metacarpal was detected as shown in (Fi-
gure 2a). Here, the lateral ends of the hand dorsum pre-
sented a displacement with opposite direction respect
to each other. While in the y-axis (proximal to distal), a
semicircular recruitment pattern was formed in the
dorsal hand, with a maximum displacement of -9 mm
found in the head of the third metacarpal (Figure 2b).
The displacement response for CF full RoM followed a
similar pattern with a magnitude between — 4 mm and
+8 mm in the heads of the fifth and second metacarpal
respectively for the x-axis (Figure 2d), and — 11 mm in
the head of the third metacarpal for the y-axis (Figure
2e). In the generated maps, it was possible to quantify
the response of major strain and displacement data se-
parately. For the metacarpophalangeal joint, the full
field major strain pattern generated by MF and CF
shows the maximum deformation; it was localized in

the head of the metacarpals, with a magnitude of 30 %
for MF (Figure 2c) and 35 % for CF (Figure 2f). Notice
that the strain of the skin was located mainly at the
hand dorsum; furthermore, we observed that for these
two movements, the strain of the skin was essentially
null at the forearm.

Quantitative displacement and major strain maps
were obtained from the forearm skin of the test subjects
for wrist flexion (WF) and wrist extension (WE) for the
full RoM. These maps show that the maximum displa-
cement occurred near the radiocarpal joint, in the proxi-
mal to distal direction, with maximum values of —10
mm for WF and —12 mm for WE (see Figures 3a and c).
The major strain maps obtained for WF and WE full
RoM (see Figures 3b and d) show that the maximum
strain occurred near the radiocarpal joint. For the case
of WF we also observe that the displacement field along
the forearm presented values close to 4 mm (see Figure
3a); besides it was detected that the strain increased
along the same region as shown in Figure 3b; these
might be due to muscular volume change which is re-
quired during the articular motion.

A detailed analysis of skin displacement was perfor-
med also with 3D-DIC. This analysis was conducted in
five arbitrary positions between the initial and final
RoM. It allowed to quantify the recruitment of the skin
in intermediate instants during RoM. This analysis was
performed for the four joint movements of interest,
along the midline of the volar and dorsal forearm Figu-
re 4. Since the length of the analyzed surface changed
during the increase in articular angle, we presented the-
se results in percentages indicating relative positions
on the forearm. In these four cases, the maximum dis-
placement appears near the articular joints where the
movement begins. Mainly, we detected the most im-
portant displacement during the full RoM, yielding va-
lues of 8 mm for MF, 10 mm for CF, 10 mm for WF, and
beyond 12 mm for WE. For MF and CF, the displace-
ment and recruitment of the skin is not carried out be-
yond 50 % of the measurement area, that is, only the
surface of the back of the hand is involved and not the
forearm. On the contrary, for WF and WE, recruitment
is done in almost the entire area of the forearm. The
displacement curves increased in a homogeneous fas-
hion, except in the WF case, where the area of interest
for the forearm exhibited greater displacement than in
the other cases. This may be due to changes in the volu-
me of underlying wrist flexors.

In addition to displacement, the skin in the upper
arm extends to permit articular movement, 3D-DIC te-
chnique allowed the quantification of strain individua-
lly, to observe the skin extension capability. Figure 5
shows five sequential profiles indicating the major stra-
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in along the longitudinal axis of the forearm for the four
joint movements. Similarly, as in the displacement
charts, we also located the maximum value of major
strain near the metacarpal heads, 25 % for MF and 22 %
for CF; major strain increased over the hand dorsum
from the wrist up to the metacarpophalangeal heads for
both movements. Besides, we observed a maximum va-
lue of major strain of 31 % near the radiocarpal joint for
WEF. Again, as in the displacement chart, two peaks of
10 % and 8 % were observed in the forearm. In the case
of wrist extension, a 35 % of major strain was located at
the radiocarpal joint.

The strain behaviors obtained with 3D-DIC and Cu-
tometry were dissimilar, due to the different nature and
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procedures to measure strain in both methods. Figure 6
depicts strain data obtained with 3D-DIC along the lon-
gitudinal axis of the hand dorsum and forearm, compa-
red with the RO parameter from the Cutometer,
obtained over the same region of interest. For both ca-
ses, the strain was normalized with the maximum va-
lue. Notice that the Cutometer gives a very punctual
measurement based on the step response of the skin to
an external applied force (suction pressure) perpendi-
cular to the skin plane. On the other hand, the DIC tech-
nique measures the 3D displacements and strain on the
skin surface provoked by articular movement.
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Figure 3. Detailed quantification of displacement along the
central line of the displacement and major strain fields for
wrist flexion and extension: a) displacement field in the y-axis
direction caused by wrist flexion WF (dorsal forearm), b)
major strain field caused by wrist flexion WF (dorsal forearm),
c) displacement field in the y-axis direction caused by wrist
extension WE (volar forearm), d) major strain field caused by
wrist extension WE (volar forearm).

Figure 4. Five sequential positions and their corresponding
displacement profiles along the longitudinal axis of the forearm
and dorsal hand are shown for: a) metacarpophalangeal flexion,
b) composite fist CF, c) wrist flexion WF, d) wrist extension WE.
The inserts of the figures depict the region of interest where the
measurements were conducted.
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DiscussioNn

Joint motion requires coordinated recruitment of the
skin surrounding the articulations. During this process,
skin must stretch, shift, or contract to accommodate the
underlying mechanical demand. In this study, we used
3D-Digital Image Correlation (3D-DIC) to map the dy-
namic strain and displacement fields of the skin in vivo,
across the upper extremity, during full articular mo-
tion. This method enabled full-field quantification of
skin biomechanics with sub-millimetric resolution, an
improvement of several orders of magnitude compared
to prior photographic techniques.

Figure 5. Five sequential positions showing major strain
profiles along a central line for the following movements: a)
metacarpophalangeal flexion MF, b) composite fist CF, c) wrist
flexion WF and d) wrist extension WE.

Figure 6. Normalized strain measurements of human

skin using 3D-DIC and cutometry, along with a relative
position of the forearm: a) dorsal hand and forearm during
metacarpophalangeal flexion MF, b) volar forearm as shown in
the inset, during wrist extension WE.

Unlike conventional assessment tools used in burn
rehabilitation such as the Vancouver Scar Scale or Cuto-
metry, which provide either subjective or localized
measures, 3D-DIC offers spatially continuous data in-
dependent of the evaluator’'s experience. Moreover, it
captures how skin behaves under functional, physiolo-
gically relevant conditions, such as voluntary joint mo-
tion, rather than artificial loading (e.g., suction or
manual manipulation). This distinction is critical for
understanding how scars or grafted skin respond du-
ring real-life movement, which ultimately determines
function and quality of life.
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The displacement and strain maps obtained in this
study revealed consistent semicircular patterns su-
rrounding the metacarpophalangeal and radiocarpal
joints. These findings suggest the presence of mechani-
cally distinct skin regions-possibly analogous to the
“cutaneous functional units” proposed by Richard et al.
(2009), but now quantified in greater detail. These pat-
terns could inform surgical approaches for contracture
release or skin flap design, by identifying where tissue
recruitment occurs naturally and how much motion
each area supports.

Furthermore, by separating displacement from stra-
in, 3D-DIC allows clinicians and researchers to diffe-
rentiate between passive tissue translation and active
mechanical deformation. This could be particularly
useful in monitoring scar evolution, identifying stiff-
ness zones in hypertrophic tissue, or evaluating the
effectiveness of new bioengineered skin substitutes. In
clinical practice, such insights may support decision-
making on when to initiate or adjust therapy, how to
plan surgical interventions, or how to objectively mea-
sure treatment outcomes over time.

This study employed an exploratory design with
healthy participants to establish the feasibility and re-
producibility of 3D-DIC in mapping skin deformation
during common joint gestures. These movements, me-
tacarpophalangeal flexion, composite fist, wrist flexion,
and wrist extension, were selected due to their clinical
relevance, as they are routinely evaluated in post-burn
assessments. Yet, no prior literature has quantified
where the skin moves from, or how it deforms, to
enable these gestures. Our findings begin to fill this gap
and provide a reference for future comparisons.

LIMITATIONS

This study has several limitations. First, the small and
homogeneous sample (n = 3, healthy young males) li-
mits the generalizability of the results. Second, no
pathological or scarred skin was included, so clinical
applicability remains to be validated in patient popula-
tions. Third, although motion was standardized, we
did not test variations in movement speed or loading,
which could influence strain responses. Future research
should incorporate diverse subjects, including indivi-
duals with post-burn scarring or skin grafts, to esta-
blish the diagnostic and prognostic value of 3D-DIC in
real-world clinical contexts.

CONCLUSIONS

This study demonstrated that 3D-Digital Image Corre-
lation (3D-DIC) is a valuable technique for quantifying

full-field skin strain and displacement in the upper ex-
tremity during the complete articular range of motion.
The method revealed reproducible semicircular re-
cruitment patterns, previously undescribed, that sup-
port a biomechanical basis for skin movement across
functional units of the hand and forearm. The techni-
que provided sub-millimetric resolution, improving
upon previous photographic approaches by several or-
ders of magnitude, and enabling detailed analysis of
tissue mechanics that are directly relevant to clinical
decision-making.

Beyond its technical precision, 3D-DIC offers con-
crete clinical potential. In burn management, accurate
assessment of skin extensibility and deformation is es-
sential to guide therapeutic strategies. The ability to vi-
sualize and quantify how much, and from where, skin
is recruited to permit movement could inform the sur-
gical planning of contracture releases, the design and
evaluation of skin grafts or engineered tissue cons-
tructs, and the optimization of physical therapy regi-
mens to target specific areas of functional limitation.
Moreover, the technique could assist in the objective
monitoring of scar progression over time or under di-
fferent treatment protocols.

As such, 3D-DIC represents not only methodologi-
cal advancement but a promising clinical tool for re-
constructive and rehabilitative strategies in patients
with burns and other conditions involving skin mobili-
ty impairments. Future studies involving clinical popu-
lations will be necessary to validate its utility in
real-world therapeutic contexts and to establish norma-
tive data across age groups, body types, and pathologi-
cal states.
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