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a b s t r a c t 

The mechanics of collagenous soft tissues, such as skin, are sensitive to heat. Thus, quantifying and mod- 

eling thermo-mechanical coupling of skin is critical to our understanding of skin’s physiology, patho- 

physiology, and its treatment. However, key gaps persist in our knowledge about skin’s coupled thermo- 

mechanics. Among them, we haven’t quantified the role of skin’s microstructural organization in its re- 

sponse to superphysiological loading. To fill this gap, we conducted a comprehensive set of experiments 

in which we combined biaxial mechanical testing with histology and two-photon imaging under liq- 

uid heat treatment at temperatures ranging from 37 ◦C to 95 ◦C lasting between 2 seconds and 5 min- 

utes. Among other observations, we found that unconstrained skin, when exposed to high temperatures, 

shrinks anisotropically with the principal direction of shrinkage being aligned with collagen’s principal 

orientation. Additionally, we found that when skin is isometrically constrained, it produces significant 

forces during denaturation that are also anisotropic. Finally, we found that denaturation significantly al- 

ters the mechanical behavior of skin. For short exposure times, this alteration is reflected in a reduc- 

tion of stiffness at high strains. At long exposure times, the tissue softened to a point where it be- 

came untestable. We supplemented our findings with confirmation of collagen denaturation in skin via 

loss of birefringence and second harmonic generation. Finally, we captured all time-, temperature-, and 

direction-dependent experimental findings in a hypothetical model. Thus, this work fills a fundamental 

gap in our current understanding of skin thermo-mechanics and will support future developments in 

thermal injury prevention, thermal injury management, and thermal therapeutics of skin. 

Statement of significance 

Our work experimentally explores how skin reacts to being heated. That is, it measures how much skin 

shrinks, what forces it produces, and how its mechanical properties change; all as a function of temper- 

ature, but also of direction and time. Additionally, our work connects these measurements to changes 

in skin’s microscopic make-up. This knowledge is important to our understanding of skin’s function and 

dysfunction, especially during burn injuries or heat-dependent treatments. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

All biological tissues, including collagenous soft tissues, are sen- 

itive to heat. In fact, collagen, the predominant structural pro- 

ein in collagenous soft tissues, denatures at temperatures sig- 

ificantly exceeding body temperature [1] . That is, at tempera- 

ures significantly above 37 ◦C collagen’s triple helix structure col- 
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apses as inter- and intra-molecular bonds are broken, and the re- 

ulting unstructured collagen molecules dissociate [2] . Because of 

he time-temperature equivalence, there is no exact temperature 

t which denaturation occurs, but rather time-temperature com- 

inations [3] . Above a critical time-temperature threshold even- 

ual loss of functional collagen transforms these tissues into gel- 

ike, gelatinous materials. This transformation comes with a loss 

f load-bearing ability, i.e., stiffness and toughness [4] . Addi- 

ionally, soft tissues shrink significantly during denaturation [5] . 

hese processes are not instantaneous but follow exponential func- 
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ions that demonstrate Arrhenius-type temperature-dependence 

6] . Previously, Chen et al. demonstrated this behavior for chor- 

ae tendineae, a highly collagenous cardiovascular soft tissue, and 

escribed time-temperature equivalence for this tissue [7] . In a 

ater study, Chen et al. further demonstrated time-temperature- 

tress equivalence in similar collagenous tissues highlighting the 

ultibiophysical character of collagenous soft tissue denaturation 

8] . One-dimensional, or uniaxial tests, were later extended by the 

ame investigators to two-dimensional, or biaxial, studies of mem- 

ranous materials. Those studies showed that time-, temperature-, 

nd load-dependence may be similarly observed as in above stud- 

es but also revealed that uniaxial data cannot be simply extrapo- 

ated to multiaxial data [9,10] . 

Understanding thermally-induced denaturation of collagenous 

oft tissues is clearly important from a basic pathophysiological 

erspective. Additionally, understanding this biophysical process 

s critical from a therapeutic perspective. For example, Boronyak 

t al. and Price et al. proposed using thermal denaturation-induced 

hrinkage to treat myxomatous mitral valve regurgitation [11–

3] . Similarly, thermally-induced tissue shrinkage has been used 

o treat shoulder instability [14,15] and to close femoral access 

ounds [16] . These are just a few of many applications where 

hermal denaturation of collagenous tissues was applied therapeu- 

ically. 

For skin specifically, studies of thermal denaturation are criti- 

al both from a pathophysiological and therapeutic perspective. As 

kin’s function is to protect us from environmental threats, such as 

eat, understanding and quantifying its response to superphysio- 

ogical loading, i.e., thermally-induced denaturation, is vital [17,18] . 

imilarly, there are skin-specific medical therapies that use ther- 

al loading whose multibiophysical effects and limits should be 

nown for safe use, such as laser ablation [19] . Finally, aesthetic 

rends such as branding make direct use of thermal denaturation, 

gain, requiring knowledge of the underlying processes for safe ap- 

lication [20] . 

Because of skin’s critical role in thermoregulation, there have 

een numerous studies investigating skin under physiological con- 

itions with and without including effects on or due to mechan- 

cs [21,22] . On the other hand, studies of skin mechanics under 

uperphysiological conditions are sparse. Notable exceptions in- 

lude those by Zhou et al. and Zu et al., for example [23,24] .

hey demonstrated that thermally denaturing skin exhibits con- 

titutive behavior that is temperature and load-rate dependent. 

owever, there have been no reports on the biaxial mechanics of 

hermally denaturing skin under both isotonic and isometric con- 

itions that considered the tissue’s anisotropy. The objective of 

ur current work is to take a basic scientific approach to fill this 

ap in our understanding of skin thermo-mechanics. To this end, 

e conduct three distinct experiments: i) isotonic, denaturation- 

nduced shrinkage measurements at superphysiological tempera- 

ures, ii) isometric, denaturation-induced tension measurements at 

he same superphysiological temperatures, iii) and finally, biaxial 

ests of skin’s anistropic mechanical properties before and after 

eat treatment. Please note that we included isotonic and isomet- 

ic experiments to reflect a no-load condition and a loaded condi- 

ion. Thereby, we aim at eliciting the full complexity of skin’s bi- 

xial response to thermo-mechanical loading. We supplement and 

nterpret these data by means of classic histology and two-photon 

icroscopy-based structural investigations. 

. Materials and methods 

.1. Skin samples 

We chose mice as our model system because of its satisfying 

imilarity to human skin, its importance in numerous skin disease 
413 
odels, and for genetic malleability of mice [25,26] . All animal ex- 

eriments were conducted in accordance with NIH’s Guide for Care 

nd Use of Laboratory Animals and after approval from our local 

nstitutional Animal Care and Use Committee at the University of 

exas at Austin. A total of 20 mice were humanely sacrificed via 

O 2 inhalation before we removed the hair from the dorsal skin 

egions with clippers and a chemical depilatory agent (Nair, Churd 

 Dwight, Inc., Ewing, NJ, United States). For the isometric biax- 

al test samples, we applied an ink stamp with known dimensions 

6mm x 6mm) to four dorsal skin regions before excising those 

egions with razor blades as 10mm x 10mm square samples. For 

he isotonic shrinkage, histology,and two-photon studies, we used 

iopsy punches to remove up to eight 6mm dorsal skin samples 

er animal. Immediately after excision, skin samples were stored in 

hosphate buffered saline (PBS) and tested within 4 hours. Please 

ote that sample sizes among experiments may be unbalanced be- 

ause of varying “real estate” among mice, i.e., some mice have 

arger backs than others. Additionally, some mice have scars from 

ght wounds which makes including certain skin areas inappro- 

riate. Finally, we anticipated that some treatments (such as those 

ith body temperature 1xPBS) would have no effect on skin me- 

hanics. For those experiments, we included only few confirma- 

ional samples. 

.2. Isotonic shrinkage experiments 

In Experiment #1, we placed discoid skin samples of 6mm di- 

meter on a 1xPBS-wetted, calibrated grid and took photographs 

Canon, EOS Rebel T6, Toyko, Japan) of the excised skin samples. 

ext, we submerged those samples in 37 ◦C, 55 ◦C, 75 ◦C, or 95 ◦C

xPBS while measuring exposure times. After removing the sam- 

les from the bath we immediately submerged the tissue in a 37 ◦C 

xPBS bath, i.e., “quenched” the tissue. We then took photographs 

f those samples on a 1xPBS-wetted calibrated grid again (see Sup- 

lementary Figure S1). See Fig. 1 A for a depiction of the protocol. 

ote, here, and in the next experiment, we chose our tempera- 

ure and exposure time combinations such that we would probe a 

ide range of skin responses that included no, limited, and signif- 

cant changes in skin thermo-mechanics on the second to minute 

ime scale. All temperature baths were stabilized via temperature- 

ontrolled hotplates (VWR, 7x7 Ceramic Hotplate 120V Pro, Radnor, 

A, United States). 

.3. Isometric biaxial tension experiments 

For Experiments #2 and #3, we mounted the 10mm x 10mm 

quare samples onto our customized biaxial tensile tester with 5N 

10mN load cells (CellScale, Biotester, Waterloo, Canada) within 

 hours of excision. Once mounted, we established a reference 

onfiguration by loading the tissue to an equibiaxial preload of 

0mN. Next, we conducted our standard biaxial protocol to equibi- 

xial force of 10 0 0mN (force controlled test, rake displacement rate 

anged 0-0.25mm/s) while the samples were submerged in 37 ◦C 

xPBS. We repeated this loading cycle 20 times until the material 

esponse stabilized. After recording the tissue’s baseline constitu- 

ive response, we conducted one of two protocols. During Exper- 

ment #2, we returned the tissue to its previous reference con- 

guration, where the tissue remained unstretched for 5 minutes 

n 37 ◦C 1xPBS. After this rest period, we replaced the fluid bath 

ith either 55 ◦C, 75 ◦C, or 95 ◦C 1xPBS and recorded the develop-

ng force under isometric tension, i.e., with its boundaries fixed in 

he reference configuration. We recorded force and temperature of 

ll samples for the ensuing 5 minutes until the material response 

quilibrated. During Experiment #3, we also let the tissue rest, 

.e., remain unstretched in its reference configuration, for 5 min- 

tes following the initial biaxial testing. After this period, we low- 
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Fig. 1. Experimental design of our study. A) Biaxial shrinkage study under traction-free or isotonic boundary conditions in which we i) took images of excised skin samples 

on a calibrated grid, before ii) submerging the samples in a 1xPBS bath heated to 37 ◦C to 95 ◦C for various exposure times. We halted the temperature treatment by 

iii) submerging samples in 37 ◦C 1xPBS before, iv) yet again, taking images of the samples on a calibrated grid. B) Isometric biaxial experiment in which we exposed 

constrained skin samples to 55 ◦C, 75 ◦C, or 95 ◦C 1xPBS for 5 minutes while measuring the resulting forces. C) Second biaxial experiment in which we first quantified the 

biaxial constitutive behavior of excised skin samples in a 37 ◦C 1xPBS bath, before removing the 1xPBS bath and treating the samples with a 90 ◦C 1xPBS shower for varying 

exposure times during which we measured the resulting forces while fixing the boundaries of the sample in its previous reference configuration. Subsequently, we retested 

the biaxial constitutive behavior of the samples. 
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Fig. 2. Representative second harmonic generation image of the collagen orien- 

tation in dorsal mouse skin. Based on an orientation distribution analysis in Im- 

ageJ, we also show the collagen orientation distribution function indicating a clear 

anisotropy with collagen’s predominant orientation in lateral direction [29] . 
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red the tissue bath so that the samples were suspended on our 

ake system and then gently poured 90 ◦C 1xPBS for between 2–

0 seconds onto the samples before re-submerging the samples in 

7 ◦C 1xPBS to abruptly stop the heat treatment. We continuously 

ecorded skin temperature with a thermal imaging camera (FLIR, 

35/65, Wilsonville, OR, United States) and force while we poured 

xPBS onto our samples and during the following 5 minutes af- 

er quenching (see Supplementary Video 1 for a recording of this 

xperiment). Following this last set of experiments, we repeated 

quibiaxial mechanical testing in 20 cycles to 10 0 0mN of force. See 

ig. 1 B-C for a depiction of the two protocols and Supplementary 

able 1. 

.4. Histology & two-photon microscopy 

We heat-treated 6mm discoid skin samples in 37 ◦C, 55 ◦C, 75 ◦C, 

nd 95 ◦C 1xPBS for either 10 seconds or 5 minutes and subse- 

uently fixed half of those samples in 10% formalin for 24 hours 

efore shipping them in 70% ethanol to a commercial histology 

ervice (Histoserv, Inc., Germantown, MD, United States). Histoserv 

tained our tissues with Masson’s Trichrome and Picrosirius Red. 

pon receipt of the stained tissue sections we imaged all sam- 

les on a 4X optical microscope (BX53, Olympus, Center Valley, 

A, United States). The other half of the samples, we imaged under 

ur two-photon microscope using our previously developed imag- 

ng protocol in which we excited the tissue under 900nm and epi- 

ollected the emission signal with a 460 ± 25nm filter to collect 

ollagen’s second harmonic generation signal (SHG) at a resolution 

f 1024 by 1024 pixels (over a 500 μm x 500 μm region of interest)

ithin the dermis of the skin samples, see Fig. 2 . Here we followed

ur own and others’ previous work [27,28] . 
414 
.5. Data analysis 

First, we evaluated tissue shrinkage based on the photographs 

aken before and after heat treatment in Experiment #1, see 

ig. 1 A. To this end, we used a custom Matlab program to digitize 

he perimeter of each sample. Next, we computed the internal area 

f each sample’s outline as well as its width (lateral dimension) 

nd height (cranial dimension). Based on these measurements, we 

uantified area shrinkage as the percentage area change following 

eat treatment as well as cranial and lateral strain as percentage 

hange in height and width, respectively. 

Second, we evaluated the biaxial constitutive behavior of skin 

efore and after heat treatment in Experiment #3, see Fig. 1 C. To 
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Fig. 3. Heat treatment with 75 ◦C and 95 ◦C 1xPBS induces anisotropic shrinkage under isotonic conditions. A) Heat treatment with 37 ◦C (n = 9) and 55 ◦C (n = 9) did not induce 

significant lateral strain in discoid skin samples, while treatment with 75 ◦C (n = 24) and 95 ◦C (n = 26) did. Interestingly, skin shrunk faster at 95 ◦C than at 75 ◦C, but reached 

similar equilibrium values after 5 minutes. B) Shrinkage in cranial direction mimicked the qualitative shrinkage behavior in lateral direction. However, quantitatively, skin 

shrunk more in lateral than in cranial direction (see D). C) Heat treatment-induced area shrinkage reflected the qualitative behavior in lateral and cranial directions. D) At 

equilibrium, 37 ◦C and 55 ◦C treatments did not result in shrinkage, while 75 ◦C and 95 ◦C treatments resulted in significant anisotropic shrinkage, most notably in the lateral 

direction. Note, the continuous curves shown in A)-C) are nonlinear regression fits to an exponential decay function with the constraint of passing through the data point 

0s/0%. 
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his end, we evaluated the biaxial data during the downstroke of 

he last testing cycle. To compute Green-Lagrange strain, we con- 

ucted digital image correlation based on the stamp marks on the 

issue samples using the CellScale image analysis software LabJoy 

30] . Next, we transformed force measurements into membrane 

ension as the measured forces divided by the deformed sample 

idth. For each tension-strain curve, we evaluated “toe stiffness”, 

.e., stiffness at small strains, and “calf stiffness”, i.e., stiffness at 

arge strains by computing the respective tangent moduli; that is, 

e computed the slope of the initial tension-strain curve and the 

lope of the tension-strain curve at 60 N/m. 

.6. Statistics 

All data are shown as mean ± standard deviation and sample 

umbers are provided in each figure caption. We conducted all 

tatistical analyses via linear mixed models as implemented in R 

Version 4.0.3). Specifically, we used the afex library as previously 

eported [31] . We chose p = . 05 as our significance level and ad-

itionally report the 95% confidence interval (CI) of the effect for 

ach test. 

. Results 

We tested skin samples from a total of 20 animals in our iso- 

onic and isometric biaxial tests and our imaging protocols. The 

esults of our isotonic tests are summarized in Fig. 3 . Overall, we 

ound that skin shrinks when treated with 75 ◦C and 95 ◦C 1xPBS, 

ut not when treated with 37 ◦C and 55 ◦C 1xPBS, see Figs. 3 A-

. When samples shrunk, they shrunk more in lateral direction 

han in cranial direction (CI = [6.89%,17.01%], p < 0.001 for 75 ◦C and
415 
I = [7.24%,17.36%], p < 0.001 for 95 ◦C), see Fig. 3 D. This shrinkage

ppeared to occur at a faster rate at 95 ◦C than at 75 ◦C, but in both

ases equilibrated to similar strains (CI = [-8.60%,2.52%], p = 0.4844 

nd CI = [-8.95%,2.17%], p = 0.3870 in cranial and lateral direction, re- 

pectively). Thus, upon heat treatment skin shrinks anisotropically 

nd at a rate that is temperature-dependent. 

In addition to isotonic biaxial tests, we also conducted iso- 

etric biaxial tests. Those tests are summarized in Fig. 4 . Here 

e found that when constrained at its boundaries, skin produced 

ignificant forces upon exposure to 75 ◦C and 95 ◦C 1xPBS that 

ecayed after an initial peak. In contrast, skin did not produce 

ignificant forces when exposed to 55 ◦C 1xPBS, Figs. 4 A-B and 

upplementary Figure S2, respectively. Skin’s response to 75 ◦C 

nd 95 ◦C 1xPBS was also anisotropic in that forces were higher 

n lateral direction than in cranial direction (CI = [191mN,621mN], 

 = 0.0011 and CI = [203mN,543mN], p = 0.0003 at 75 ◦C and 95 ◦C,

espectively). Additionally, the peak force also increased with 

emperature (CI = [-503mN,-97mN], p = 0.0064 and CI = [-535mN,- 

30mN], p = 0.0031 in lateral and cranial directions, respectively), 

ee Fig. 4 C. The peak force was also reached significantly faster 

t 95 ◦C than at 75 ◦C (CI = [5.37s,11s], p < 0.001 and CI = [4.85s,10.5s],

 < 0.001 for the lateral and cranial directions, respectively), but 

id not differ between directions (CI = [-2.49s,3.77s], p = 0.6696 and 

I = [-2.35s,2.60s], p = 0.9158 for 75 ◦C and 95 ◦C, respectively), see 

upplementary Figure S3. Additionally, the time constant with 

hich the force decayed after reaching its peak was significantly 

horter during the 95 ◦C treatment than after the 75 ◦C treatment 

CI = [57.9s,104s], p < 0.001 and CI = [61.9s,108s], p < 0.001 for 75 ◦C

nd 95 ◦C, respectively), see Fig. 4 D. The decay time, like the time 

o peak, did not differ with direction (CI = [-29.7s,20.3s], p = 0.6934 
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Fig. 4. Heat treatment with 75 ◦C and 95 ◦C 1xPBS induces anisotropic forces under isometric conditions. A) In both lateral and cranial directions, heat treatment with 75 ◦C 

(n = 9) 1xPBS induced forces that rose quickly before exponentially decaying to almost zero within 5 minutes. Forces were higher in lateral than cranial direction (see C). 

B) Heat treatment with 95 ◦C (n = 9) 1xPBS qualitatively mimicked the response to 75 ◦C. C) Heat treatment with 95 ◦C reached higher peak forces than with 75 ◦C (note, for 

clarity we omitted the lines indicating this difference: p = 0.0064 and p = 0.0031 in lateral and cranial directions, respectively) and forces were higher in lateral direction than 

cranial direction for both 75 ◦C and 95 ◦C. D) Additionally, peak forces in response to 95 ◦C heat treatment decayed faster. 
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nd CI = [-20.5s,19.0s], p = 0.9379 for 75 ◦C and 95 ◦C, respectively).

hus, upon heat treatment constrained skin produces significant 

nisotropic forces at rise and decay times that are temperature de- 

endent. Note, after five minutes of exposure to 75 ◦C and 95 ◦C, 

hese samples could not be tested mechanically. They had soft- 

ned to the point where stretching them resulted in tear-outs from 

ur fixtures. In contrast, five minutes of exposure to 55 ◦C rendered 

he samples testable and only marginally affected skin’s mechanics 

see Supplementary Figure S4). 

Thus, in another set of experiments we exposed skin to 90 ◦C 

xPBS, but interrupted the force decay by quenching (i.e., quickly 

ooling with 37 ◦C 1xPBS) samples after exposure times between 

 and 30 seconds. Upon cooling, forces remained approximately 

onstant rather than continuing to decay indicating that the in- 

ernal damage processes had been interrupted, see Supplemen- 

ary Video 1. After quenching, we tested those samples biaxially, 

n addition to the biaxial tests we conducted before the heat treat- 

ent. A representative biaxial data set before and after 10 sec- 

nds of heat treatment (on the same sample) anecdotally demon- 

trates that heat treatment stiffened skin at low strains, but re- 

uced its stiffness at high strains, see Fig. 5 A. Also, see Supple- 

entary Figure S5 for additional examples. Interestingly, we found 

hat stiffening and softening at low and high strains, respectively, 

as not clearly correlated to the exposure times in the interval 

etween 0 and 30 seconds, see Fig. 5 B. When grouping the data 

in other words, ignoring exposure time – we could demon- 

trate a statistically significant skin softening after heat treatment 

t high strains (CI = [-35556.2N/m,-2647N/m], p < 0.001 and CI = [- 

296.8N/m,-2388N/m], p < 0.001 in lateral and cranial direction, re- 

pectively), but failed to show statistically significant stiffening af- 

er heat treatment at low strains (CI = [-20.5N/m,889N/m], p = 0.061 

e

416 
nd CI = [-311.6N/m,597N/m], p = 0.5348 in lateral and cranial direc- 

ion, respectively), see Figs. 5 C-D. Thus, skin does soften at high 

trains and may stiffen at low strains when treated with 90 ◦C 

xPBS, where the latter phenomenon remains to be demonstrated. 

To identify the source of the heat-induced changes to skin il- 

ustrated in Figs. 3 –5 , we investigated (micro-)structural changes 

n our skin samples using linear and nonlinear optical methods. 

pecifically, we stained samples after isotonic heat exposure to 

7 ◦C, 55 ◦C, 75 ◦C, and 95 ◦C with Picrosirius Red (and for refer-

nce with Masson’s Trichrome). We found that the (birefringent) 

icrosirius Red signal remained strong after exposure to 37 ◦C and 

5 ◦C, but vanished after 5 minutes of 75 ◦C exposure, and 10 sec- 

nds as well as 5 minutes of 95 ◦C exposure, see Fig. 6 . Thus,

eat treatment of skin removes the source of birefringence in a 

ime- and temperature-dependent manner. Similarly, we imaged 

kin samples after the same isotonic heat treatment in our two- 

hoton microscope and collected its SHG signal. We found that the 

HG signal remains strong after exposure to 37 ◦C and 55 ◦C, but 

anished after 5 minutes of 75 ◦C exposure, and 10 seconds as well 

s 5 minutes of 95 ◦C exposure, see Fig. 7 . Thus, heat treatment of

kin also removes the source of SHG in a time- and temperature- 

ependent manner and supports our histological findings. 

. Discussion 

In our current work, we investigated the biaxial mechanics 

f skin after treatment with 37 ◦C, 55 ◦C, 75 ◦C, and 95 ◦C 1xPBS.

ur work was motivated by missing information on how skin’s 

nisotropic microstructure and mechanical constitutive behavior 

mpacts its thermo-mechanical response to heat. We designed our 

xperiments to investigate the thermo-mechanical response of skin 
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Fig. 5. Heat treatment with 90 ◦C 1xPBS alters constitutive behavior of skin. A) Example raw data of biaxial test before and after heat treatment for ≈10 seconds (see 

Supplementary Figure S5 for additional representative examples). B) The relationship of heat treatment duration and stiffness increase (at low strain) or decrease (at high 

strain) was subject to large variations and appeared uncorrelated (n = 17). C) When grouping data from 45, 90, 180, and 300 seconds, we failed to show that heat treatment 

induced stiffening of skin at low strain, D) but demonstrated that heat treatment induced reduction in stiffness of skin at high strain. CTL = control, TRT = heat treatment. 

Fig. 6. Heat treatment with 75 ◦C and 95 ◦C 1xPBS denatures collagen as demonstrated by loss of birefringence. This effect is time- and temperature-dependent as demon- 

strated by residual birefringence after 10 seconds of treatment with 75 ◦C, but loss of birefringence after 5 minutes, while heat treatment with 95 ◦C resulted in loss of 

birefringence at 10 seconds and 5 minutes. We confirmed each time-temperature pair with an independent set of samples (not shown). Note, all raw images are openly 

available; see end of manuscript for link. Scale bar = 1mm. 
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o both isotonic loading – that is, traction-free – and isometric 

oading – that is, with fixed boundaries – in a temperature- and 

ime-dependent manner. Our findings confirmed many previous 

tudies on the native, i.e., not heated, anisotropic microstructure 

nd mechanical constitutive behavior of skin [32] . Additionally, 

ur results were consistent with non-directionally-dependent pre- 

ious studies on skin’s thermo-mechanical response to heat treat- 

ent [23,24] . In addition to confirming previous findings, we un- 

eiled significant, anisotropic thermo-mechanical effects in skin’s 

esponse to heat treatment. We also used linear and nonlinear mi- 

roscopy to confirm that the thermo-mechanical response of our 

amples was not temporary but followed from molecular damage. 
417 
.1. Summary of findings 

Our main findings were that heat treatment leads to significant 

kin shrinkage under isotonic conditions and produces significant 

orces under isometric conditions. Under isometric conditions, skin 

lso softens at large strains. These effects are temperature, time, 

nd direction dependent. Specifically, our findings on temperature 

ependence are: i) under isotonic conditions, heat treatment in- 

uces skin shrinkage at temperatures larger than 55 ◦C; ii) under 

sotonic conditions, higher temperatures induce faster shrinkage, 

ut do not lead to more shrinkage; iii) under isometric conditions, 

eat treatment induces forces at temperatures larger than 55 ◦C; 
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Fig. 7. Heat treatment with 75 ◦C and 95 ◦C 1xPBS denatures collagen as demonstrated by loss of second harmonic generation (SHG) signal. This effect is time- and 

temperature-dependent as demonstrated by residual SHG signal after 10 seconds of treatment with 75 ◦C, but loss of SHG signal after 5 minutes, while heat treatment 

with 95 ◦C resulted in loss of SHG signal at 10 seconds and 5 minutes. Note, we confirmed each time-temperature pair with an independent set of samples (not shown). Also 

note, all raw images are openly available; see end of manuscript for link. Image size 500 μm x 500 μm. 
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a

v) under isometric conditions, higher temperature induces forces 

aster and leads to larger forces that also decay faster. Our find- 

ngs on time dependence are: i) under isotonic conditions, shrink- 

ge sets in within seconds but then equilibrates; ii) under iso- 

etric conditions, force production peaks within seconds, but then 

ontinuously decays until dissipated. Finally, our findings on direc- 

ion dependence are: i) under isotonic conditions, heat treatment 

 > 55 ◦C) induces more shrinkage in lateral direction than in cranial 

irection; ii) under isometric conditions, heat treatment ( > 55 ◦C) 

nduces larger forces in lateral direction than in cranial direction; 

ii) under isometric conditions, heat treatment ( > 55 ◦C) reduces 

echanical anisotropy. 

Based on our histological and two-photon based analysis, skin’s 

hermo-mechanical response to heat treatment was correlated 

ith a degradation of optical properties – birefringence and SHG 

that are related to collagen’s structure [33,34] . In other words, it 

s, at least in part, the heat treatment-induced denaturing of colla- 

en that leads to above thermo-mechanical phenomena. 

.2. Hypothetical model of skin’s thermo-mechanical response to heat 

reatment 

Combining our thermo-mechanical and optical observation, 

e suggest the following hypothetical model for the effects of 

eat treatment on skin: thermal destruction of intra- and inter- 

olecular bonds in the collagen molecule lead to the disrup- 

ion of collagen’s rod-like alpha helix [35] . Without these bonds, 

oiling results in an energetically favorable state and thus leads 

o tissue shrinkage in the absence of external forces [36] . Phe- 

omenologically, this transition may be described as redefinition of 

he stress-free reference state of the collagen molecule to shorter 

engths [37] . The increased density of collagen in the lateral di- 

ection in comparison to the cranial direction amplifies this ef- 

ect in a directionally-dependent manner [38] . The thermal de- 

truction of the intra- and inter-molecular bonds is likely driven 

y an Arrhenius-type, time-dependent mechanism, thus explain- 

ng the increased rate of shrinkage at higher temperatures [6] . In 

he presence of constraints, the same thermal destruction of intra- 
418 
nd inter-molecular bonds occurs. However, external tractions pre- 

ent coiling of the collagen molecule, thus, leading to the produc- 

ion of forces as the stress-free reference configuration of the col- 

agen molecule shifts to shorter lengths. Here, again, anisotropic 

istributions of collagen result in a direction-dependent number 

f coiling collagen fibers and thus a higher production of force in 

he lateral direction than the cranial direction. Also, here, again, 

rrhenius-type reactions lead to a temperature-dependent produc- 

ion of these forces. More mysterious, however, is the specific tem- 

oral evolution of the force production. If the forces were produced 

hrough the constrained coiling of collagen, why do they decay 

ver time? We propose two alternative models. First, we propose 

hat continued exposure to heat may additionally degrade collagen. 

n turn, collagen may enter a third, further degraded state (beyond 

eing coiled). Second, and alternatively, it may be that, under force, 

he denatured collagen molecule may undergo viscoelastic stress 

elaxation. In either case, time dependence of the additional de- 

aturation or, alternatively, viscoelastic stress relaxation, leads to 

aster decay times at higher temperatures. This hypothetical model 

lso explains our observation that heat treated skin anecdotally 

tiffens at low strains and softens at high strains. Under native, 

re-treated conditions, wavy collagen fibers are activated only at 

arge strains, a mechanism that lends skin – and many other col- 

agenous soft tissues – their classic J-shaped or strain-stiffening 

tress-strain behavior [39] . Upon heat treatment, the reduced ref- 

rence configuration of collagen leads in our hypothetical model to 

n early activation of its contribution to the tissue’s resistance to 

xternal loading and thus a stiffening at small strains. On the other 

and, the destruction of inter- and intra-molecular bonds reduces 

ollagen’s load-bearing capacity and leads to a softening at large 

trains. 

.3. Shortcomings, unexplained phenomena, and future work 

We believe that our work is an important step toward un- 

erstanding the biaxial mechanics of thermally denaturing skin. 

owever, our work is naturally subject to limitations and there is 

 great need for additional work. For example, Chen et al. have 
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hown that the thermo-mechanics of collagenous tissues are not 

nly time and temperature dependent, but also load dependent 

8] . This additional determinant of skin’s response to thermal treat- 

ent should, in the future, be added to our observed dependence 

n time, temperature, and direction. From an experimental design 

erspective, we observed the mechanical manifestations to ther- 

al treatment – shrinkage, force production, and change in con- 

titutive behavior – and the microstructural origins – denaturation 

f collagen – independently. Future studies should aim at a design 

hat simultaneously images skin’s microstructure while recording 

ts mechanical response to heat treatment [40] . Additionally, we 

ailed to demonstrate a statistical relationship between tissue stiff- 

ning and softening – at low and high strains, respectively – and 

eat exposure times. Our failure to do so is most likely related 

o the high-rate, nonlinear temperature response curve as seen in 

he time evolution of force production. Future experiments toward 

stablishing a clear relationship between skin stiffening/softening 

nd exposure times will have to take great care to control expo- 

ure times more accurately than we were able to do in this present 

tudy. Finally, and most importantly, we have posed a theoreti- 

al model connecting skin’s thermo-mechanical response to heat 

reatment to its microstructural origins. As a first step toward con- 

rming this model, we will implement this model numerically and 

est its ability to predict our observations. 

. Conclusion 

We conclude that thermal treatment of skin above 55 ◦C results 

n time-, temperature-, and direction-dependent shrinkage under 

sotonic conditions. The largest shrinkage occurs in the direction of 

he predominant collagen orientation. Similarly, thermal treatment 

f skin above 55 ◦C results in time-, temperature-, and direction- 

ependent force production under isometric conditions. The largest 

orces occur in the direction of the predominant collagen orienta- 

ion. Additionally, we conclude that thermal treatment of skin re- 

ults in softening of skin at high strains. These thermo-mechanical 

henomena are driven by the denaturation of collagen as demon- 

trated through histology and two-photon microscopy. This work is 

 critical step toward developing a fundamental understanding of 

he relationship between skin microstructure, mechanics, and its 

esponse to thermal treatment. Ultimately, this knowledge will be 

ritical to optimally treating burn wounds, designing medical de- 

ices, and optimizing aesthetic modifications. 
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