
ABSTRACT 

BASINGER, KATIE LEANNE. Mechanically Stimulating Tissue in vitro: A Case Study of Split 

Thickness Porcine Skin. (Under the direction of Dr. Richard Wysk and Dr. Ola Harrysson.) 

 

Reproducing native mechanical stimuli (ex vivo) has become an important research 

component to “regenerate” native tissue environments to mitigate disease and trauma. Recreating 

mechanical stresses in vitro poses several difficulties, as only portions of the human body are 

fully understood and replicable. However, since biological tissues constantly experience 

mechanical stimuli in vivo, this catalyzes or triggers the creation, functions, and organization of 

all living organisms. Therefore, this research aims to develop a bioreactor and the appropriate 

controls in which whole dermal tissue can be mechanically exercised in vitro which simulates 

and enhances the natural environment dermal tissues experience in vivo. The device developed 

for this research uses an orbicular load, which induces stress in the biological samples both in 

and out of the resting plane; therefore, mimicking native loads tissues experience in vivo. The 

tissue used in this research is split thickness porcine skin grafts (STSGs).  

In this research, a tissue bioreactor is loaded for 72 hours at varying pressures (2, 3, 4, 

and 5 psi) to determine the most effective parameters for applying an orbicular mechanical load 

to skin harvests. Pre and Post loading of the tissue, samples are examined to determine surface 

area, thickness, tensile strength, ultimate tensile strength and collagen density for changes 

brought about or catalyzed by the mechanical conditioning. The surface area of final STSGs 

proved statistically significantly larger than the initial STSG. However, no statistical evidence at 

the 95% confidence level was observed for tissue thickness, tensile strength, and collagen 

density pre and post enhancement.  It was determined that pressure level did not statistically 

influence the other mechanical and biological properties tested.  

The viability of in vitro stimulated STSGs is reported along with the tissue’s mechanical 

properties. These results indicate that collagen bundles in STSGs realigns/reorganizes as a result 

of the mechanical stimulations, however there is no cellular function indicating there is a 

maximum in which the properties of the STSGs can be altered in vitro. To improve these results 

in the future an adaptive control unit is used to monitor the grafts throughout the experiment. 

This monitoring method uses pixel intensity to detect impending ruptures giving control to the 

operator when loading the skin grafts to avoid failures in the future. This work shows that 

thickness, tensile strength, ultimate tensile strength and collagen density were not statistically 



different pre and post mechanical loading in vitro. Tissue surface area and collagen alignment of 

STSGs are altered when exposed to mechanical stimulation in vitro.  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2018 by Katie Basinger 

All Rights Reserved



Mechanically Stimulating Tissue in vitro: A Case Study of Split Thickness Porcine Skin 

 

 

by 

Katie LeAnne Basinger 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Industrial Engineering 

 

Raleigh, North Carolina 

2018 

 

APPROVED BY: 

 

_______________________________                       _______________________________ 

Dr. Richard Wysk                                                                 Dr. Ola Harrysson 

Committee Co-Chair                                                            Committee Co-Chair 

 

 

_______________________________                       _______________________________ 

Dr. Ashley Brown                                                               Dr. Rohan Shirwaiker 

 

_______________________________                       

Dr. Bruce Cairns    

External Member                                                               



 

ii 

 

DEDICATION 

Paul “Mutt” Gooden. Thank you for teaching us to be kind and love one another 

especially in the eyes of diversity. May you continue to sing to us from Heaven. We miss you. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

BIOGRAPHY 

Katie LeAnne Basinger is a PhD candidate at North Carolina State University developing 

an orbicular expander to mechanically stimulate tissue. Throughout her graduate career, she has 

taken a special interest in medical applications of industrial engineering techniques. Although 

she enjoys research in product development, her true passion lies in the classroom. She believes 

that students should be able to gain more than just knowledge and information, but rather 

experience learning at its finest. She has strived to engage students to create a balanced 

classroom atmosphere of intellect, personal confidence, and social communication. Each of these 

characteristics are key to molding our future problem-solving engineers to create change. It is her 

goal to inspire students to want and become more than they ever thought possible! 



 

iv 

 

ACKNOWLEDGMENTS 

Thank you to Dr. Richard Wysk and Dr. Ola Harrysson of the Edward P. Fitts Industrial 

and Systems Engineering Department at North Carolina State University for advising, 

encouraging, and funding me throughout my doctorial journey. Dr. Bruce Cairns for his expertise 

and guidance of the impact of the project. Dr. Tony Atala, Dr. John Jackson, and Dr. Sang Jin 

Lee at the Wake Forest Institute for Regenerative Medicine for providing the funding and 

expertise to begin the project. Dr. Ashley Brown for committing her time and efforts towards this 

dissertation. Dr. Rohan Shirwaiker for keeping me under his wing and always providing advice 

and guidance when needed. The Center for Additive Manufacturing and Logistics for providing 

materials, machinery, and expertise in developing hardware for this research. The Swine Unit at 

North Carolina State University and Nahunta Pork Center for providing specimens for tissue 

collection. The Biomedical Engineering Department, specifically Dr. Susan Bernacki for the 

instruction and use of lab space.  

My parents, Mikeal and Penny Basinger for encouraging me to stick with it and keep 

“laying my bricks”. My sisters, Meredith and Kiley Basinger for understanding my crazy 

schedule and providing love and acceptance. Each of my grandparents, Shirley Hough, Leanna 

Gooden, and Reid and Kay Basinger for being there to celebrate every milestone. Finally, my 

best friend and colleague Caroline Webster, for having a heavy hand in the beginning of this 

project as well as helping me during early morning collections and keeping me sane throughout 

it all. Each one of you inspired me and gave me a push when I was down or discouraged. I am so 

grateful for my graduate school experience, and to have found a passion that I am excited to 

continue in the future. 



 

v 

 

TABLE OF CONTENTS 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

CHAPTER 1 ................................................................................................................................... 1 

1.1. Resource Supply Model ....................................................................................................... 2 

1.2. Biological Tissues: A Manufactural Product ....................................................................... 4 

1.3. IDEF0 Model........................................................................................................................ 5 

1.4. Biological Responses to Physical Stimulus ......................................................................... 7 

1.5. Tissue of Concern: Skin ....................................................................................................... 7 

1.6. Summary .............................................................................................................................. 9 

CHAPTER 2 ................................................................................................................................. 11 

2.1. Cellular Response to Mechanical Stimulation (in vivo) ..................................................... 11 

2.2. Whole Tissue Response to Mechanical Stimulation (in vitro) ........................................... 14 

2.3. Skin Response to Mechanical Stimulation ......................................................................... 23 

2.4. Skin Grafts.......................................................................................................................... 29 

2.4.1. Split thickness mesh skin graft .................................................................................... 29 

2.4.2. Full thickness skin graft ............................................................................................... 34 

2.4.3. Engineered skin substitutes ......................................................................................... 36 

2.5. Tissue Expansion in vivo .................................................................................................... 37 

2.6. Summary of Relevant Literature ........................................................................................ 40 

CHAPTER 3 ................................................................................................................................. 42 

3.1. Background ........................................................................................................................ 42 

3.2. Objectives and Tasks .......................................................................................................... 44 

CHAPTER 4 ................................................................................................................................. 47 

4.1. Device Instrumentation ...................................................................................................... 47 

4.1.1. Bioreactor assembly .................................................................................................... 48 

4.1.2. Syringe Pump .............................................................................................................. 50 

4.1.3. Tissue collection, storage, and maintenance ............................................................... 51 

4.2. Objective 1-- Preliminary Experiments.............................................................................. 53 

4.2.1. Proof of concept experiment I (48 Hours) ................................................................... 54 

4.2.2. Results of 48 hour experiments ................................................................................... 56 

4.2.3. Discussion of 48 hour experiment results .................................................................... 59 



 

vi 

 

4.2.4. Proof of concept experiment II (7 Days) ..................................................................... 59 

4.2.5. Results of 7 day experiments ....................................................................................... 60 

4.2.6. Discussion of 7 day experiments ................................................................................. 63 

4.3. Conclusions of Objective 1: Preliminary Experiments ...................................................... 63 

CHAPTER 5 ................................................................................................................................. 66 

5.1. Background ........................................................................................................................ 66 

5.2. Methods .............................................................................................................................. 68 

5.2.1. Methods: Surface Area ................................................................................................ 71 

5.2.3. Methods: Tensile Strength ........................................................................................... 74 

5.2.4. Methods: Collagen Density ......................................................................................... 75 

5.2.5. Methods: LIVE/DEAD® Assay ................................................................................... 75 

5.4.6. Methods: SEM Imaging ............................................................................................... 76 

5.3. Results ................................................................................................................................ 77 

5.3.1. Results: Surface Area. .................................................................................................. 79 

5.3.2. Results: Thickness ....................................................................................................... 81 

5.3.3. Results: Tensile Strength ............................................................................................. 84 

5.3.4. Results: Collagen Density ............................................................................................ 85 

5.3.5. Results: LIVE/DEAD ® Assay .................................................................................... 87 

5.3.6. Results: SEM Imaging ................................................................................................. 88 

5.4. Discussion .......................................................................................................................... 92 

5.4.1. Discussion: Surface Area............................................................................................. 93 

5.4.2. Discussion: Thickness ................................................................................................. 93 

5.4.3. Discussion: Tensile Strength ....................................................................................... 94 

5.4.4. Discussion: Collagen Density ...................................................................................... 96 

5.4.5. Discussion: LIVE/DEAD® and SEM........................................................................... 97 

5.5. Conclusions ...................................................................................................................... 100 

CHAPTER 6 ............................................................................................................................... 103 

6.1. Background and Preliminary Results ............................................................................... 103 

6.2. Adaptive Control Methods ............................................................................................... 108 

6.3. Results .............................................................................................................................. 109 

6.4. Chapter Discussion and Conclusions ............................................................................... 112 

CHAPTER 7 ............................................................................................................................... 114 

7.1. Research Summary ........................................................................................................... 115 



 

vii 

 

7.2. Conclusions ...................................................................................................................... 117 

7.3. Future Work ..................................................................................................................... 117 

REFERENCES ........................................................................................................................... 120 

APPENDICES ............................................................................................................................ 131 

Appendix A: Manufacturing the Bioreactor............................................................................ 132 

Appendix B: SEM Fixation Protocol for Split Thickness Pig Skin ........................................ 136 

 



 

viii 

 

LIST OF TABLES 

Table 2.1: “Take” Range for 1930 Naval Hospital Study. 67 ........................................................ 32 

 

Table 4.1: Data collected from preliminary 7 day experiments. ................................................... 62 
 

Table 5.1: Summary of all response variables grouped by pressure............................................. 79 

 

Table 5.2: Collagen density of STSG0 and STSGE in µg/mg wet weight. .................................. 86 

 

Table 5.3: Percent of samples that tore at each pressure point. .................................................... 93 

 

Table 5.4: Table recreated from Gallagher et. al. comparing results of tensile testing in this   

study   to a sampling of other literature. 100 ................................................................94 

 

Table 6.1: Resulting p-values from two tailed t-Tests regarding average pixel intensities of    

grey scale images. .................................................................................................... 106 

 

Table 7.1: Failure, Modes, Analysis (FMA) table of common failures experienced during 

mechanically stimulating split thickness porcine skin grafts in vitro. ..................... 119 
  

file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422226
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422227
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422228
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422229
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422229
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422301
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422301
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422515
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519422515


 

ix 

 

LIST OF FIGURES 

Figure 1.1: SCOR Model for mechanically stimulating skin grafts. .............................................. 3 

 

Figure 1.2: IDEF0 Model – A0 node - inputs (left), mechanisms (bottom), controls (top),          

and outputs (right) represent all items/knowledge required to complete the overall function. ...... 6 
 

Figure 2.1: Cell adheres to ECM (blue line) via integrins under (a) low force or (b) high force. 

Increased mechanical stimulations recruit more integrin connections and upregulates proteins     

to the nucleus for further proliferation and differentiation possibilities.23 ................................... 12 
 

Figure 2.2: Breaking strength of engineered ligaments based on time in culture.32 ..................... 15 
 

Figure 2.3: Engineered tissue sheets anchoring direction during last 14 days of culture (A)      

Two sided - induces alignment of cells (B) Entire periphery - induces randomly orientation of 

cells.25............................................................................................................................................ 16 
 

Figure 2.4 : Dotted: freshly detached; Solid: aligned; Dashed: randomly oriented.25 .................. 16 
 

Figure 2.5 : Schematic of the biconcave construct cultured and mechanically loaded.34 ............. 17 
 

Figure 2.6 : (a) Top view of BATs during 14-day culture. (b) Side view of the experimental       

set up. When the vacuum is applied, the rubber membranes are pulled down into the trough 

resulting in a uniaxial load on the BAT.30 .................................................................................... 19 

 

Figure 2.7 : Engineered Heart Tissue (EHT) graft development. (d) Individual EHT cultured       

in vitro, (e) 5 individual EHTs stacked on novel auxotonic loading device, (f) merged    

multiloop EHT graft for implantation. Scale bar 10 mm.39 .......................................................... 20 

 

Figure 2.8 : Bioreactor for mechanically stretching engineering tissues uniaxially.42 ................. 21 
 

Figure 2.9 : Results of bioartifical ligaments treated with serum from patients at rest and        

post-exercise.43 .............................................................................................................................. 22 

 

Figure 2.10: Amount of skin tissue that quantifies “split thickness” and “full thickness.” 44 ...... 24 
 

Figure 2.11: H&E staining of human vs. pig skin slices. Notice the similarities in epidermis     

and dermis size and make up. 45.................................................................................................... 24 

 

Figure 2.12: Stress-Strain relation of full thickness skin to collagen films both from adult       

male rats.48 .................................................................................................................................... 25 
 

Figure 2.13: (a,b) Echorheometer 49, 52 (c) Extensionmeter50 ....................................................... 26 
Figure 2.14: Reconfigured extensionmeter. The C pad shields the B pad (load cell) from 

peripheral forces.53 ........................................................................................................................ 27 
 

file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060875
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060613
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060613
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060613
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060614
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060615
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060615
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060615
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060616
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060617
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060618
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060618
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060618
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060619
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060619
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060619
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060620
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060621
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060621
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060622
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060623
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060623
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060624
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060624
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060625
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060626
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060626


 

x 

 

Figure 2.15: Micro-Robot device used to measure anisoptropic properties of skin in vivo.54 ...... 27 
 

Figure 2.16: (a) Stress strain graph of back (blue) and abdomen (red) skin, (b) representation      

of the skin in the tensometer.56 ..................................................................................................... 28 
 

Figure 2.17: Representation of approximately how much skin is harvested for a split       

thickness skin graft. 59 ................................................................................................................... 30 
 

Figure 2.18: A dermatome removing skin for a split thickness skin graft. ................................... 30 
 

Figure 2.19: Tanner Mesh Dermatome sieving skin graft. 66 ....................................................... 31 
 

Figure 2.20: (Left) Patient day of surgery after split thickness mesh skin graft attachment.   

(Right) Patient 7 days post operation.69 ........................................................................................ 33 
 

Figure 2.21: 3 patients post operation who under when split thickness mesh skin grafting 

treatment. A) 4 Months 68 (B) 2 Years (C) 1 Year and 4 Months.69 ............................................. 33 

 

Figure 2.22: Meek gauze populated with small autograft islands. 70 ............................................ 34 

 

Figure 2.23: This figure depicts the process of a full thickness mesh skin graft completed on       

a canine model (Figure recreated from [63]). ............................................................................... 35 

 

Figure 2.24: Representation of different sizes and shapes available for tissue expanders.49 ........ 38 

 

Figure 2.25: Process of tissue expansion. 77 ................................................................................. 38 

 

Figure 2.26: 44-year-old diabetic patient with chronic foot ulcer. Skin grafting was not an   

option due to the risk factors the patient presented. Tissue expander was placed in the right    

calf, and the donor site was able to be closed without the need of a skin graft. The final      

picture (bottom right) depicts the wound 1 year after tissue expansion.80 .................................... 39 

 

Figure 2.27: 10-year-old burn patient who was unable to lift his left arm due to contraction of 

scars during healing. In vivo tissue expanders were inserted at the junction of the scar and 

healthy tissue. The processes required 5 weeks of expansion. After successful surgery and 

healing the patient was able to lift his left arm above his head.80 ................................................. 40 
 

Figure 3.1: Skin cells desire a specific resting tension. If a load beyond a critical level is    

applied to the skin it will grow new cells to reach “resting tension”. When the load is       

removed there remains excess skin which can be used for wound closure.76 ............................... 43 

 

Figure 3.2: one-year-old patient. A) Giant Congenital Nevus (skin cancer) consuming 25%        

of the patients head. B) 3 simultaneous in situ tissue expanders C) patient three years after 

treatment.76 .................................................................................................................................... 43 
 

file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060627
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060628
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060628
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060629
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060629
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060630
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060631
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060632
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060632
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060633
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060633
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060634
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060635
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060635
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060636
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060637
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060638
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060638
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060638
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060638
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060639
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060639
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060639
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060639
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060640
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060640
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060640
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060641
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060641
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060641


 

xi 

 

Figure 4.1: CAD of the loading device used for expansion experiments. (Blue) Acrylic top       

and bottom halves of the device. (Yellow) Fixturing ring with black o-rings for leak proof      

seal. (Red) membrane used to separate tissue from the water pressure pocket. Note: The       

tissue would be inserted in-between the membrane (red) and the tissue fixturing ring (yellow). 48 
 

Figure 4.2: (A) Side view of assemble device with nutrient media. (B) Top view of       

assembled device with no nutrient media. Looking directly at porcine tissue loaded into the 

device. ........................................................................................................................................... 49 

 

Figure 4.3: Assembly of the latest loading device. (A) Bottom half with latex membrane and 

STSG0 (dermis up). (B) Metal tissue fixturing ring and O-rings (C) Align top and bottom half 

with bolts. (D) Assemble with bolts, springs, and wing nuts (E) Final assembly during loading.50 
 

Figure 4.4: (Left) Program interface used to control and monitor device parameters. (Right) 

Syringe pump used to input water into the system during testing. ............................................... 51 

 

Figure 4.5 (A) Specimen shaved and cleaned just before collection. (B & C) Animal after split 

thickness skin is removed. ............................................................................................................ 52 
 

Figure 4.6: Initial experiments conducted to test the validity of the loading device. ................... 54 
 

Figure 4.7: Porcine skin samples loaded in the original device to failure with analog pressure 

gauge and manual water injection. The ruptures are circled. ....................................................... 55 
 

Figure 4.8: Graph of sample 1 and 2 of 48 hour preliminary experiments. .................................. 57 

 

Figure 4.9: Preliminary experiment sample 3 (A) loaded with DMEM, (B) after loading with 

DMEM removed, (C) after disassembly of the loading device. ................................................... 58 

 

Figure 4.10: A) STSG0 cut to size before loading with representative measured thicknesses.         

B) STSGF after loading with representative measured thicknesses. ............................................. 60 

 

Figure 4.11: Sample 1 ruptured during the first 8 hours under a load of 0.5 psi. ......................... 61 

 

Figure 4.12: Final STSGFs after 7 days of loading. Notice sample 2 is a different color and 

assumed to be not viable. .............................................................................................................. 62 
 

Figure 4.13: IDEF0: inputs (left), outputs (right), controls(top), and mechanisms (bottom) 

assigned to the appropriate step in the protocol for loading STSGs in vitro. ............................... 65 
 

Figure 5.1: Design of Experiments ............................................................................................... 69 
 

Figure 5.2: Samples accepted/rejected from the study. ................................................................ 70 
 

Figure 5 3: A) Whole tissue section. B) Tissue fixturing ring laid over top STSG0. Notice the 

inner circle is the tissue that will be exposed to the load. ............................................................. 71 

file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060642
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060642
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060642
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060642
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060643
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060643
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060643
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060644
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060644
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060644
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060645
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060645
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060646
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060646
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060647
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060648
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060648
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060649
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060650
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060650
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060651
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060651
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060652
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060653
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060653
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060655
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060656
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060657
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060657


 

xii 

 

Figure 5.4: A) STSGF before altering to lay flat, notice the dome shape. B) STSGF in ImageJ 

with circle drawn to best-fit marks on tissue. C) STSGF in ImageJ with free from shape        

drawn for best fit of slits created to lay flat. D) Extreme case of tearing, but sill included in      

the study, Sample 9. ...................................................................................................................... 72 
 

Figure 5.5: STSGF in process of laser scan. .................................................................................. 73 
 

Figure 5.6: A) STSG0 just before loading. This is the size scanned to determine the          

thickness of the tissue before stimulation. B) STSGF just after stimulation. The solid inner      

circle represents the part of the tissue that is actually stimulated and therefore the initial     

surface area measurement. The textured outer circle is the skin underneath the tissue            

fixturing ring. C) STSGF post processing for surface area after stimulation. The rectangle     

shows the part of the tissue that would be removed for thickness, and tensile measurements.     

D) Final section of tissue used for thickness and tensile testing................................................... 73 
 

Figure 5.7: A) Sample tissue loaded into ATS tensile tester. B) Sample during testing before 

failure. C) Sample after failure ..................................................................................................... 74 

 

Figure 5.8: Graphical representation of maceration removal. 111 ................................................. 77 

 

Figure 5.9: Line graphs of each sample during mechanical stimulation grouped by pressure. .... 78 
 

Figure 5.10: Bar graph of the increase in surface area for each sample grouped by pressure   

level. The error bars are the standard error for each group. .......................................................... 80 

 

Figure 5.11: A) One-way ANOVA results of surface area increase grouped by pressure with      

p-value = 0.4342. B) Plotted residuals of the data to check for normality of the data. ................ 80 
 

Figure 5.12 : Thickness results of all 16 samples used in the study for STSG0ss and STSGEs. . 81 
 

Figure 5.13: A) One-way ANOVA results of the change in thickness of the samples grouped    

by pressure level. B) Plot of residuals to check for normality. ..................................................... 82 
 

Figure 5.14 : A) One-way ANOVA results of STSG0 thickness grouped by tearing response    

with p-value = 0.5209. B) One-way ANOVA results of STSG0 thickness including the      

samples excluded for early failure grouped by tearing response with p-value = 0.4461. C)      

One-way ANOVA results from the differences in thickness of STSG0s and STSGFs with a p-

value = 0.5036 ............................................................................................................................... 83 

 

Figure 5.15: Tensile results of Sample 20. UTS = 12.568, MOE = 59.38, and R2 = 0.9979           

of the MOE line of best fit. ........................................................................................................... 84 
Figure 5.16:  Collagen density of STSG0s and STSGF in µg/mg wet weight. .............................. 86 
 

Figure 517: A) Image of dead cells B) Image of live cells C) Image of dead cell cluster D)   

Image of live cells ......................................................................................................................... 87 
 

file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060658
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060658
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060658
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060658
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060659
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060660
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060661
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060661
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060662
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060663
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060664
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060664
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060665
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060665
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060666
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060667
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060667
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060668
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060668
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060668
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060668
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060668
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060669
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060669
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060670
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060671
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060671


 

xiii 

 

Figure 5. 18: Progression in magnification of SEM images of STSG0 and STSGF ..................... 89 
 

Figure 5.19: Higher magnification on the dermal side of STSGs. Depicting difference in  

collagen bundles of STSGs after mechanical stimulation. ........................................................... 90 
 

Figure 5.20: SEM of epidermal side of the epidermis of macerated STSGs. ............................... 91 
 

Figure 5.21: (Left) SEM of human collagen.111 (Right) SEM image of collagen in porcine 

STSG0. .......................................................................................................................................... 91 
 

Figure 5.22: A) Stress – strain curve of skin proving a non-linear stress-strain relationship.99     

B) Stress strain curve of full thickness human skin after conditioning.99 C) Stress train curve 

from Sample 20 in this study. ....................................................................................................... 96 

 

Figure 5.23: (c and e) are images of human skin infected by P. aeruginosa. 113 (Right) SEM 

image of the STSGF with what looks like the same kind of bacteria. ........................................ 100 

 

Figure 5.24: Blue box: Strong positive correlation between UTS and MOE. Orange Box:        

Mild negative correlation between Final Thickness and UTS, Final Thickness and MOE,        

UTS and Surface Area, and Surface Area and MOE. ................................................................. 101 
 

Figure 6.1: Depiction of light absorption in skin based on color (wavelength). 115 ................... 105 

 

Figure 6.2: Porcine split thickness skin sample used to determine the appropriate light color 

(wavelength) for the adaptive control unit .................................................................................. 105 

 

Figure 6.3: (Left) Box plot for average grey scale pixel intensities of sample pieces based          

on light color. (Right) Boxplot of maximum grey scale pixel intensities of sample pieces      

based on light color. *Note the difference in the Y-axis between plots. .................................... 107 
 

Figure 6.4: (Top) Actual images captured during loading of poultry. (Bottom) Binary images 

showing pixel intensities greater than 150. ................................................................................. 108 
 

Figure 6.5: (Left) Graphical representation of the adaptive control unit. (Right) Adaptive    

control integrated with loading devices. ..................................................................................... 109 
 

Figure 6.6: Sample 9, the only sample to show an indication of a tear. ..................................... 110 
 

Figure 6.7: Sample 5 (left) and Sample 17 (right) imaged just before and just after rupture   

during mechanical stimulation. ................................................................................................... 111 

Figure 6.8: Sample 11, with tear unnoticed (11.9) during observation in which next push    

(11.10) should not have occurred................................................................................................ 113 
 

Figure A.1: Tissue fixturing ring used to hold the skin under pressure. B) Tissue contact    

surface of the tissue fixturing ring B) side view with O-rings used to create a leak      

proof seal. ........................................................................................................................ 132 

file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060672
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060673
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060673
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060674
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060675
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060675
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060676
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060676
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060676
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060677
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060677
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060677
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060677
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060677
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060678
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060679
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060679
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060680
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060680
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060680
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060681
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060681
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060682
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060682
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060683
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060684
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060684
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060685
file:///C:/Users/katie.basinger/Downloads/KatieBasinger_ETD_Draft3.docx%23_Toc530060685
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423216
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423216
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423216


 

xiv 

 

Figure A.2: CAD of the original device used for expansion experiments. Blue acrylic top and 

bottom halves of the device. The fixturing ring is yellow with black O-rings for leak 

proof seal. The red sheet is the membrane used to separate the tissue from the water 

pressure pocket. Note: The tissue would be inserted in-between the membrane (red)     

and the tissue fixturing ring (yellow). ............................................................................. 133 

 

Figure A.3: A) Bottom of device. Features: pressure pocket, entrance and exit ports, and       

holes for assembly. B) Top of device. Features: Center hole with fillet for protection       

of tissue as it expands, and outer holes for assembly. .................................................... 134 

 

Figure A.4: (Left) Surfaces examined for tissue fixturing ring; smooth, dotted, knurled.      

(Right) Pin tissue fixturing ring. ..................................................................................... 135 
 

file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423217
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423217
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423217
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423217
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423217
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423218
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423218
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423218
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423219
file:///C:/Users/klbasing/Downloads/KBasinger_FinalDisseration2.docx%23_Toc519423219


 

1 

 

CHAPTER 1 

Introduction 

The National Institute of Health (NIH) defines the umbrella term “Regenerative 

Medicine” as the process of creating living, functional tissues to repair or replace tissue or organ 

function lost due to age, disease, damage or congenital defects.1 The NIH envisions a future in 

which there is no transplant waiting lists because organs are grown rather than harvested. This 

vision includes examples such as creating the cure for diabetes with engineered islets, which 

regenerate and produce insulin, or strengthening native tissues for repairing failing organs. 

Although these ideas seem out of reach, much progress has already been achieved. In 2006, an 

engineered bladder was cultured in vitro and successfully implanted into a human patient.2 

Tissue-engineered skin produced by companies like Epicel® and DermagrafTM are used for 

temporary wound coverage for traumas like burns and chronic leg ulcers. Vascular grafts 

consisting of synthetic scaffolds in combination with biological materials are used in bypass 

surgeries. Industrial/manufacturing engineers are navigating this new territory to supply an 

efficient perspective regarding the manufacturing of biological products by applying traditional 

protocols in research and development. In this thesis, the development of a bioreactor for tissue 

expansion is addressed using an orbicular mechanism. The operational specifics for the 

bioreactor are first discussed, followed by an experimental design, which defines the optimal 

operational parameters that result in mechanical and biological property changes. Changes in 

properties such as surface area and collagen density are correlated to the key performance indices 

associated with the production of transplantable tissue. 

Burn wounds that damage deep layers of tissue and/or cover large surface areas are 

difficult to treat. These wounds require sufficient wound coverage to provide stability and 

sterility of the wound. Wound coverage is complex because first and foremost they require 

adequate protection to avoid possible infection, while requiring exposure to oxygen to aid in the 

healing process and allowing discharged fluids to flow out of the wound. Therefore, the most 

common method for burn treatment is the use of meshed, split thickness skin grafts. These grafts 

provide adequate wound coverage, while exposing enough of the wound for appropriate oxygen 

and fluid flow. However, meshed split thickness skin grafts are often weak and hard to obtain 

due to donor site availability.3 
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Chronic leg ulcers result from lack of blood flow and nutrients to a wound usually below 

the knee and are considered one of the more difficult wounds to heal. Leg ulcers can result in 

severe pain and frequently amputation. Chronic leg ulcers prove hard to treat due to the specific 

environment required for the wound to heal. Similar to burn wounds chronic leg ulcers require 

around the clock maintenance, oxygen, and lubrication.4,5 Chronic leg ulcers are often treated 

with engineered synthetic skin substitutes. These products are the leading treatment but often 

require several applications, tireless maintenance by the patient, and can lead to rejection. 

Stimulating native epidermal tissue in order to increase the size of the tissue as well as to 

potentially improve its properties poses a promising alternative improvement for the treatment of 

wounds like burns and chronic leg ulcers. Although there are synthetic and engineered tissues on 

the market, autologous transplants remain the gold standard as their properties better mimic the 

damaged tissue. This thesis aims to provide insights into better wound care by understanding the 

mechanical properties such as tensile strength, surface area, and thickness of skin in its natural 

state and evaluating the changes it experiences after exposure to a mechanical load in vitro. 

 

1.1. Resource Supply Model 

The mechanical loading tissue project described in this thesis aims to determine 

appropriate input parameters that alternative tissue to increase the mechanical properties for 

healing wounds such as burns and chronic leg ulcers. Figure 1.1 is a supply chain operations 

reference model (SCOR) used to describe the framework of this project. The SCOR model is 

typically used to improve the efficiency of a supply chain processes for a business. Often the 

model is used as a cost reduction tool and highlights the areas in need of improvement as well as 

those that have “quick pay-back” opportunities.6 This model lends itself nicely to identifying the 

steps required for autologous transplants; notice the patient is the supplier as well as the 

customer.  
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Mechanically straining tissue (in vitro) is hypothesized to increase the mechanical 

properties of tissues such as ligaments, tendons, heart muscle, and collagen sheets (skin). To 

complete the process proposed in this document there are three types of materials to be 

“sourced”; biological tissue, medium in which to store, prep, and maintain the biological 

specimens, and the manufactured hardware. The biological component used for this work is 

porcine split thickness skin grafts (STSGs). The medium required for storing and maintaining the 

tissue is discussed in further detail in Chapter 4 of this document. The hardware components are 

used to mechanically strain the tissue via an orbicular load. To “make” mechanically altered 

native tissue, STSGs are exposed to a pressure sequence in which specific parameter levels are 

determined through a design of experiments. Lastly, the resulting tissue from mechanical 

stimulation will be “delivered” back to the patient via transplantation. Delivery for 

Figure 1. 1: SCOR Model for mechanically stimulating skin grafts. 
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transplantation is beyond the scope of this work, and instead the stimulated tissue will undergo 

mechanical and biological testing. The skin grafts are tested for surface area, ultimate tensile 

strength, modulus of elasticity, thickness, and collagen density. The methods for these tests are 

discussed in detail later in this thesis. Finally, “returned” failed tissues, either prematurely 

ruptured or no longer viable, would not be delivered to the patient.  

 

1.2. Biological Tissues: A Manufactural Product 

Baseline information regarding in vivo tissue properties and their responses to stimulus is 

critical to developing a method for altering the mechanical properties of native tissue in vitro. 

The body can experience stimulations in many forms including electrical, mechanical, or 

chemical, which in turn result in changes in the properties of the tissue. According to 

Encyclopaedia Britannica, biological tissue “consists of a group of structurally and functionally 

similar cells and their intercellular material”.7 Therefore, the term “biological tissue” can define 

a multitude of materials including muscles, blood vessels, ligaments, skin, etc. Each of these 

tissues have non-homogenous material properties, rendering them challenging to recreate or 

enhance in vitro especially considering their unpredictable stimulation effects.  

Biomechanics is the study of mechanical laws relating to living organisms. Methods 

developed in this field have laid the groundwork for determining material properties of 

biological tissues such as bone, ligaments, etc. The mechanical properties of the natural status of 

these materials have been defined; however, there remains missing information regarding the 

effects on the mechanical properties of biological tissue in an in vitro environment. Relating this 

problem to industrial engineering may seem far-fetched; however, it becomes straightforward 

when biological tissue is treated as a product to be manufactured, where specific properties must 

be achieved by applying the appropriate input parameters. Industrial engineers have developed 

and maintained manufacturing processes for centuries. Applying this knowledge of product 

development and production to medical endeavors, specifically STSGs, will provide the path of 

this research and its principle motivation as an industrial engineering problem. In the case of this 

research, the biological material studied is skin; however, each of the techniques employed 

throughout this thesis can be applied to other types of biological tissues. 
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1.3. IDEF0 Model 

The intricate details of this research are displayed using an IDEF model (Figure 1.2) in 

which the inputs, outputs, controls, and mechanisms are expressly shown. An IDEF model is 

typically used to detail a repeatable function, in this case “Mechanically stimulating skin grafts.” 

The IDEF A0 node is shown in Figure 1.2 and the expanded IDEF model (A1), is shown in 

Figure 5.1 in the methods section of this thesis. These models are used to describe in detail the 

treatment and testing of the tissue in the experimental design conducted for this thesis. The A0 

model shown in Figure 1.2 is an exhaustive representation of the materials and knowledge 

required to complete these experiments. Several of these are shared between steps and this is 

further described in the Chapter 5. There are not many inputs for this process since the initial 

sample collected from the animal remains the same piece of tissue carried throughout the entire 

process. The single output of this function would typically be the post mechanically stimulated 

skin graft. However, for this work the outputs are considered the results from the mechanical 

testing and biological assays. The post-stimulated skin grafts experience tests to failure for 

ultimate tensile strength, modulus of elasticity, and SEM imaging, therefore, they are no longer 

viable for a skin graft transplant. The items with arrows leading into the top of the function are 

the controls of the process. Each of these controls are essential to maintaining a repeatable 

method for mechanically loading the tissue. These controls have been determined based on 

literature and preliminary work. Finally, the arrows leading into the bottom of the function are 

the mechanisms, which are the tools and resources required to complete the function. Notice 

there are a lot of mechanisms due to the multitude of steps involved in this process which require 

significant instrumentation and materials for handling, storing, and transporting the tissue. In the 

IDEF0 A0 node all inputs, outputs, controls, and mechanisms, which are used during the process 

and not the direct result of a step within the process, must be represented. We will explore each 

of these in detail to describe the methods for: 1) sample collection, storage, and transportation 2) 

pre-stimulation care 3) mechanical stimulation 4) post-stimulation care and 5) post stimulation 

testing.  
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Figure 1. 2: IDEF0 Model – A0 node - inputs (left), mechanisms (bottom), controls (top), and outputs (right) represent all 

items/knowledge required to complete the overall function. 
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1.4. Biological Responses to Physical Stimulus 

Physical stress cues are required to replicate the natural development of tissue in an in 

vitro environment. Consider the start of human life, as the fetus develops in the womb when it 

moves and exercises it encourages development of tissues. After birth these tissues are fragile 

and weak, however, within a few months, the average infant gains the muscle to lift their head, 

prop themselves up on their elbows, roll over and maybe even start to crawl. According to Parent 

magazine, this seems like an effortless transition; on the contrary, the baby has been through a lot 

of work and exercise to gain the strength to complete these tasks in just seven months’ time.8 

Tissues require continuous exercise during in vitro culture to mimic the natural development and 

maturation of tissues such as ligaments, muscle, and even whole organs. Simply applying the 

correct cell type and nutrient formula recipe is not enough to culture strong healthy tissue for 

transplantation.9 

1.5. Tissue of Concern: Skin 

Skin, the largest organ in the human body, is a multi-layered composite material 

comprised principally of proteins, collagen, elastic fibers and multiple cell types including 

keratinocytes and fibroblasts.10 In regenerative medicine, significant efforts have focused on a 

number of methods associated with procuring skin for mitigating major trauma incidents 

focusing on repairing damaged tissues instead of replacing its entirety. Consider engineered skin 

products like TransCyteTM and Epicel®. TransCyteTM is derived from a synthetic nylon mesh, 

seeded with porcine collagen and neonatal human fibroblast cells. This creates a translucent 

sheet used as a dressing for burn wounds, which encourages re-epithelialization of the wound 

resulting in a shorter recovery time.11 Epicel® is an allograft product grown from the patient’s 

own fibroblasts cells. This take about 2-3 weeks and requires patients to be able to maintain 

stability before implantation, however it has lower rejection rates and less scarring effects than 

DermagrafTM.12  These products are prime examples of reparative versus regenerative solutions. 

DermagrafTM provides the body with wound coverage allowing the body to naturally repair itself, 

while Epicel® is an entire sheet of skin like material designed to replace the damaged tissue. 

These examples represent the two far ends of regenerative medicine research. Let us consider an 

alternative hybrid method in which native tissue is mechanically stimulated in vitro and then 

implanted back on the body to both replace damaged tissue, while encouraging the wound to 

repair itself via re-epithelization. In the case of this research, harvested split thickness porcine 
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skin is stimulated in vitro to increase its surface area while maintaining the traditional 

mechanical properties of skin. The final altered skin graft would then be transplanted onto a 

wound for a successful treatment, in which to minimize scarring, recovery time, and rejection 

rates. This method of a hybrid reparative and regenerative healing cite could apply to many 

different tissues, such as the heart after heart muscle death, or ligament and tendon replacement. 

However, this research focuses on skin treatments primarily used for the healing of burn wounds 

and leg ulcers.  

In the 1970’s approximately 9,000 people died from burn incidences each year in the 

United States.13 Of the people admitted into medical care, patients who showed 20% or more 

body coverage of burns most surly passed. This was due to several side effects of traumatic 

burns such as organ failure, infection, or sepsis.14 However, modern medicine has greatly 

reduced the negative outcomes. In 2015 The National Burn Repository reported 203,422 burn 

patients lowering the death toll to an average of about 3,800 per year.13,14 This is greatly due to 

interdisciplinary projects that have incorporated cell culture techniques, which allow the body to 

utilize a more native healing method, putting the body at less of a risk of over compensation; 

and, therefore more successful healing. Burn wounds are not only an issue for the civilian 

population, but the military as well. The United States Army Institute of Surgical Research in 

Fort Sam Houston, Texas published an article of the statistics of military patients admitted for 

burn related incidences between April 2003 and April 2005. These dates encompass the 

admission of military personnel deployed in both Operation Iraqi Freedom and Operation 

Enduring Freedom in which 5% of all combat injuries included burns.15,16 These findings 

concluded some interesting facts that support the need for improved burn wound treatment. Of 

the 274 patients, the mortality rate was 4%. When the article was published in March of 2006, 17 

patients were still in care and therefore their results were not included in the mortality rate. A 

common theme among combat burn wounds is the location on the body, where 80% included 

hands and 77% included the face. These locations have high trauma percentages because of their 

exposure when in uniform. However, this means if these patients endure treatment that result in 

significant scarring, the resultant physiological damage of seeing the scars every day can be 

almost as detrimental as the burn wounds themselves. These effects include, but are not limited 

to, increased perceived pain, loss in interest to pursue daily activities, and loss in sleep.17 

Therefore, there is a driving need for treatment options of skin procurement that are not only 
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effective for burn victims but result in minimal scarring to allow those who serve our country as 

well as civilians a chance to lead a normal healthy life after treatment. 

 

1.6. Summary 

Although skin is the largest organ in the body and has been significantly studied, there is 

still a need for improvement of skin procurement treatment options for wounds such as burns and 

chronic leg ulcers. For example, the mechanical properties of split thickness porcine skin 

comprised of the epidermis and the top portion of the dermis still remain uncertain. Split 

thickness skin allows for collection of tissue from patients without creating a large open wound. 

The difference between split and full thickness skin is discussed in Chapter 2: Relevant 

Literature. Research has shown that mechanically loading cells helps them develop into tissue 

constructs, and loading tissues increases certain properties, however, there are no standard 

devices, parameters, or methods which stimulated tissues in vitro for skin procurement.  

Before tissue can be considered a “manufactural material” in regenerative focused 

research, we must understand more than just the biology of these tissues. Science must also 

understand the current state of these tissues from a manufacturing process point of view. These 

properties of nature’s designed materials are key to not only regenerating our own but also 

manipulating native tissue to provide treatments for injury and disease. Using traditional 

industrial engineering techniques to develop parameters, which affect stress, strain, and fatigue 

of native tissues, will paint a more complete picture to guide manufacturing tissue processes in 

vitro.  

This thesis will treat “mechanical tissue stimulation” as a manufacturing process. This 

vision is first illustrated in Figure 1.1, by a supply chain operations reference model, and second 

using an IDEF0 model in Figure 1.2. “Source” components of the SCOR model are further 

expanded to inputs (left) and mechanisms (bottom) of the IDEF0 model. Furthermore, the 

“Make” component for this model utilizes a device designed for mechanically stimulating tissue 

in vitro. The components of the loading device as well as parameter adjustments are explained 

further in the mechanisms (bottom) and controls (top) of the IDEF0 model. Limited operating 

conditions and specifics are available for the “Make” process, but biomimicry mechanical loads 

can be used to establish the operational conditions for the device. These are critical components 

that are necessary for the advancements of Regenerative Medicine techniques that can be utilized 
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for improving the “quality of life” for those suffering from burn wounds and chronic leg ulcers. 

Finally, the “Deliver” portion of the model will require the transplantation of enhanced tissue to 

fully understand the efficacy of this methodology. Because of time and scope constraints, the 

transplantation is outside of the domain of this work. However, mechanical testing and biological 

assays are conducted and represented as the outputs (right) of the IDEF model and are used to 

prove the efficacy of the “Delivered” tissue.  

The primary focus of this work is to use traditional manufacturing methods to determine 

appropriate parameters of a loading device that results in skin grafts with altered mechanical 

properties. The organization of this thesis is: 1) Provide adequate literature support regarding the 

obligation to understand how split thickness skin changes when exposed to mechanical loads and 

current comparable treatments. 2) Detailed methods of the mechanical stimulating and testing 

procedures outlined by the expanded IDEF model. 3) Results regarding the changes in both 

mechanical and biological properties of the tissue when exposed to an orbicular mechanical load. 

4) Determine how the tissue is changing via LIVE/DEAD® assay and scanning electron 

microscopy. 5) Discuss the efficacy of the incorporated adaptive control unit to avoid future 

failure. 6) Review the impacts this work has on future burn wound and chronic leg ulcer 

treatment. The premise of this work is to characterize split thickness porcine skin and the 

parameters in which mechanically loading the tissue alters it mechanical properties.  
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CHAPTER 2 

Relevant Literature 

The original intent for the development of the device used in this research was to develop 

an alternative process for expanding tissue to use for the treatment of burn wounds. The original 

method was highly influenced by split thickness skin grafting and in vivo tissue expansion. 

However, during preliminary studies and literature research, the bioreactor originally developed 

to solely expand skin proved to have capabilities not initially considered. For example, tissue in 

the device experiences a mechanical load that mimics natural stimulation which, according to 

literature, can alter the mechanical properties of the tissue and potentially catalyze growth. 

Therefore, this research will consider the impacts of an orbicular mechanical load and its effects 

on the mechanical and biological properties of split thickness skin for the treatment of burn 

wounds and chronic leg ulcers. This chapter reviews published literature about the effects of 

mechanically loading cells and biological tissues (specifically skin) and the methodologies in 

which these loads have been applied in a laboratory environment. Finally, grafting and tissue 

expansion techniques are explained to further emphasize how this research is applied to wound 

treatment. This information largely influences this research to characterize split thickness skin 

grafts in vitro both pre and post mechanical loading. This literature also defines appropriate 

scales of input parameter levels used in the final experiments of this research to validate the 

response of split thickness skin grafts (STSGs) to mechanical stimulus in vitro.  

 

2.1. Cellular Response to Mechanical Stimulation (in vivo) 

In order to grasp how whole tissues, such as skin grafts, behave when exposed to external 

mechanical stimuli, it is necessary to first understand how cells, which are the most basic 

biological component, respond to mechanical stimulations. Growing and expanding cells is 

becoming more common with the development of bioreactors, which provide environments that 

mimic natural interactions cells need to develop and mature into their appropriate state and 

functionality.18 When a cell encounters a physical stimulus it then interprets that information and 

responds via chemical or gene expression changes.19 All types of these physical stimulations fall 

under the “umbrella term” mechanical stimulations.20 The process of converting any mechanical 

stimulus into chemical signals or gene expression is mechanotransduction.21 More specifically, 
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cellular mechanotransduction is the response of a single cell from a mechanical stimulus via a 

biochemical response.19 

Mechanotransduction is a single force on a cell and the resulting biochemical response. 

On a larger scale, as cells move throughout the body they physically interact with each other, or 

proteins in the Extra Cellular Matrix (ECM). Due to these physical interactions, the cells form 

connections with each other or ECM proteins, resulting in changes such as upregulation of 

proteins, cell proliferation and differentiation, or an increase of cell strength. There are many 

types of cellular connections, but the two most responsive to mechanical stimulations are 

integrins and gap junctions. 

Integrins are made up of two transmembrane subunits (α and β) which form 24 unique 

combinations that connect to cells via actin or intermediate filaments and their specific receptors 

in the ECM.22 The initial connection of integrins to a protein in the ECM is usually weak, 

however under tension the connection is strengthened by the recruitment of other proteins 

causing more integrins to form.23 This also leads to downstream upregulation of proteins in the 

nucleus such as YAP and TAZ, which induce cell proliferation and differentiation, shown in 

Figure 2.1.23 Therefore, mechanical forces on integrins have shown to increase the strength and 

cell density of tissue. 

Figure 2. 1: Cell adheres to ECM (blue line) via integrins under (a) low force or (b) high force. 

Increased mechanical stimulations recruit more integrin connections and upregulates proteins to 

the nucleus for further proliferation and differentiation possibilities.23 
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While integrins adhere cells to ECM proteins, intercellular (cell – cell) communication is 

required for coordination of cells to form a uniform response on a much larger scale.24 

Mechanical forces generated by cells and applied to neighboring cells during tissue construction 

result in proper alignment and functionality, forming gap junctions during the alignment phase.25 

Gap junctions, which are key to intercellular communication, are channels that provide a direct 

line of contact for cell – cell communication. These open channels allow ions and small 

molecules to pass directly between cells.26 Intercellular response signals that pass through gap 

junctions take many forms such as, electrical, chemical, or transcriptional.18 Electrical signals, 

for example, can depolarize or hyperpolarize the plasma membrane via electrical current.18,27 

Chemical signals such as amino acids, hormones, and Adenosine triphosphate (ATP), along with 

transcriptional signals such as steroid hormones, cause the activation of gene expression, and 

pass through gap junctions.18,28 These signals induce messenger ribonucleic acid (RNA) 

molecules of deoxyribonucleic acid DNA information, which initiates the cell cycle of 

proliferation and differentiation. These electrical, chemical, and transcriptional signals are 

responsible for individual cellular behavior as well as the coordination of larger scale reactions. 

Mechanical stimulation mediates the growth and development of tissues such as, skeletal 

muscle, smooth muscle, cardiac muscle, bone, endothelium, epithelium, and lung.29 When 

mechanical stimulations are applied to a cell an increase of cell communication via integrins (cell 

– ECM) and gap junctions (cell – cell) occur. These means of communication result in response 

signals that induce cell proliferation and differentiation and increase the density of proteins such 

as collagen I.23,24 

Understanding native responses to mechanical stimulations is key in bioreactor 

development for expanding and growing cell lines. However, the next step is to apply this 

knowledge of cellular mechanotransduction to developing and enhancing whole engineered and 

native tissues in vitro. The replication of complex mechanical stimulations resulting in 

mechanotransduction must be recreated in vitro for cultured cells and whole tissue constructs to 

mimic both embryonic stimulus and repetitive cycling of native contractions similar to the heart, 

lungs and blood vessels.29 
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2.2. Whole Tissue Response to Mechanical Stimulation (in vitro) 

Cellular mechanotransduction, as described above, is the biochemical reaction in 

response to mechanical stimulus on a cellular level. However, as these reactions occur on a 

grander scale, effects are seen in whole tissue constructs. The addition of mechanical loading 

during development has increased the ability of engineered tissues to function more like their 

native counterparts. Mechanically loading tissues during formation of the matrix simulates 

strains experienced in vivo and alters their expression profile.30 However, it is still unclear of the 

best method in which to apply the mechanical load. The following studies aimed to develop 

engineered tissue constructs with increased mechanical and biological properties such as strength 

or collagen density, based on either a static or cyclic mechanical loading technique applied to the 

tissue during formation. 

One of the first laboratory representations of whole tissue constructs responding to 

mechanical stimuli was conducted in 1993.31 In this study, proof of collagen alignment and cell – 

cell crosslinking were observed when a collagen matrix was held between two posts exposing the 

cells to static mechanical stresses. After six weeks of culture and exposure to uniaxial static 

loads, the ligaments were stretched between the two poles at a rate of 10 µm/sec to determine 

breaking strength against culture time; the results are shown in Figure 2.2. Before final strength 

testing the engineered ligaments had fibroblasts which were aligned and elongated which formed 

more connections with one another. There was also an increase in glycosaminoglycans (GAG) 

content, which is important for collagen formation as the ratio of the two can determine the 

mechanical properties of native and engineered tissues.32 This study suggests that the 

reorganization of cells as well as the development of ECM products such as collagen, leads to an 

increase of strength in the ligaments. Although there was a significant increase in strength of 

engineered tissues exposed to static loads, they remained an order of magnitude weaker than 

native tissue. The authors suggest the addition of cyclic mechanical loading and growth factors 

to increase the strength of engineered ligament further.  



   

15 

 

 

Following the trend of applying a static mechanical load to engineered tissue constructs, 

tissue engineered sheets were developed via fibroblasts which were cultured and grown on a 

two-dimensional surface to form living tissue sheets.25 The sheets then self-assembled to 

comprise of ECM proteins. The production of ECM proteins, such as collagen, by engineered 

living tissues had previously been proven for tissue-engineered blood vessels (TEBV) formed 

using the same method, however these tissues were too fragile and mechanical testing was not 

completed.33 For the tissue sheets grown in this study, two static mechanical loading conditions 

were tensile tested and reported; ultimate tensile strength and Young’s modulus. All tissue 

samples were first grown in a flask for 7 days. After which the control samples were tensile 

tested directly following detachment from the flask. The remaining test specimens were removed 

from the flask after 7 days, and for the following 14 days anchored either at opposing ends or on 

all four sides, shown in Figure 2.3. 

 

 

 

 

 

 

Figure 2. 2: Breaking strength of engineered ligaments based on time in culture.32 
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The results from Grenier et al. state that the ultimate tensile strength of the aligned tissue 

was 7 times greater than that of freshly detached tissue, and Young’s modulus of aligned tissue 

was 20 times stiffer than freshly detached tissue. However, there is no report of aligned tissue to 

randomly organized tissue for either ultimate tensile strength or Young’s modulus. Figure 2.4 is 

the stress-strain graph reported for the tensile tests conducted, showing the aligned tissue to have 

a greater resistance to stresses and therefore considered stronger than the control counterparts of 

this study. Living tissue sheets were said to be about 4 cells thick, but no report of thickness was 

given, therefore the strain reported cannot be validated because the exact cross-sectional area 

was unknown. 

 

Imaging techniques used to monitor the tissue development during mechanical loading 

showed gap junctions forming as cells aligned, therefore encouraging cell-cell communication. 

A B 

Figure 2. 3: Engineered tissue sheets anchoring direction during last 14 days of culture (A) Two 

sided - induces alignment of cells (B) Entire periphery - induces randomly orientation of cells.25 

Figure 2. 4 : Dotted: freshly detached; Solid: aligned; Dashed: randomly oriented.25 
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These results reinforce the significance of mechanical loading during tissue development on a 

cellular level as well as the functionality of artificially engineered tissues with the increased 

stress resistance shown by tissue sheets that aligned due to static loading during the last 14 days 

of culture.25  

To create engineered musculoskeletal tissue that is comparative to native tissue, 

mechanical stimulations are necessary to drive the biomechanical characteristics of the tissue. In 

a study by MacBarb et. al., juvenile bovine articular chondrocytes and meniscus cells were used 

to culture self-assembling tissue sheets and treated with a static mechanical load.34 After 10 days 

of culture the sheets were exposed to static axial strain at levels of 0.01, 0.5, and 0.1 N for 4 

days. Figure 2.5 is a representation of the self-assembled constructs which were loaded in both 

the X and Y direction. Dog bone sections, 7mm long and 5mm wide, were cut from the “middle 

zone” for uniaxial tensile testing. The 0.1N loaded specimen resulted in a 255% increase of 

Young’s modulus and 273% increase of the ultimate tensile strength. Although, true strain is 

reported, it is unclear how the authors of this paper measure the thickness of the constructs to 

report strain data. The 0.1N load also showed higher levels of GAG, collagen synthesis, fibril 

alignment, and collagen crosslinking, which has been linked to stronger tissues in other research. 

Therefore, it can be concluded that engineered musculoskeletal tissue requires higher ranges of 

static loading to aid in development. 

 

Since it is suggested that cyclic forces may have greater effects on engineered constructs 

L’Heureux et. al. developed a method for creating a “well defined, three-layer” tissue-engineered 

Figure 2. 5 : Schematic of the biconcave construct cultured and mechanically loaded.34  
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blood vessel (TEBV) under a cyclic mechanical force.35 The TEBV’s were cultured for 8 weeks 

around a vascular media tube used to simulate the shape of the native vessels. Pulsing the media 

through the TEBV during culture provided similar nutrient delivery as well as mechanical forces 

blood vessels experience in vivo. The increased bursting strength of TEBVs was proportional to 

collagen alignment and the culture period. Collagen alignment is suggested to be the result of 

increased wall thickness as the TEBV was left to culture longer.35 

To further prove the effects of cyclic mechanical loading, in 2003 bioartificial tendons 

(BATs) were grown in a three-dimensional trough shown in Figure 2.6.30 BATs were comprised 

of avian flexor tension cells in a collage matrix. To simulate mechanical stimulations that occur 

on native tendons during development, rubber membrane attachments allowed for the flexibility 

of the BATs while a vacuum was used to exercise the BATs during culture, shown in Figure 2.6. 

BATs were exposed to uniaxial cyclic mechanical loading of 1Hz for an hour each of the seven 

days of testing, however the true force exerted on the BATs is unknown. These tests resulted in 

BATs that were three times stronger (ultimate tensile strength) than BATs that were grown in 

static conditions, 327.65 + 172.03 kPa and 112.20 + 6.07 kPa respectively. Ultimate tensile 

strength of native tendons comprised of similar cell types is not reported in this study, however, 

it has been reported that tendons are the strongest component in the muscle-tendon-bone unit 

with an ultimate tensile strength about half of stainless steel.36 Therefore, native tendons are 

assumed to have an ultimate tensile strength of about 430 MPa.37 Young’s Modulus was reported 

for mechanically loaded BATs, control BATs, and native tendon, 1.8 MPa, 0.7 MPa, and 1.5 

GPa respectively. Therefore, BATs grown in vivo are orders of magnitude weaker than native 

tendons in both ultimate tensile strength and Young’s Modulus. However, an increase in strength 

and stiffness is observed in mechanically loaded artificial tissues compared to the BATs grown 

in static conditions. This proves that cyclic loading has an impact on the mechanical properties of 

engineered tissues grown in vitro. 30 



   

19 

 

 

Although there are not many clues as to why certain studies choose either static or cyclic 

stimulation techniques, certain tissues lend themselves to one method over the other. For 

example, heart and lung tissue in their native state are under constant cyclic mechanical stimuli 

from pumping blood or air through the organ. In the following study engineered heart tissues 

(EHT) derived from neonatal rat heart cells are subjected to a cyclic mechanical strain during 

culture for repairing damaged cardiac tissue following an infarction.38 Cardiac tissue is 

especially tricky to grow in vitro due to the high frequency of mechanical forces these tissues 

experience in vivo. The individual EHTs are casted/cultured in molds for 7 days and initially 

look similar to small rubber bands. Five of the individually cultured EHTs are attached to a novel 

stretch device, which applies a uniaxial cyclic load of 1 mm at 1.5 mN for the 7 days following 

the initial culture time period.39 This sequence is shown in Figure 2.7. As the five individual 

tissues are subjected to strain over the 7 days they merge in the middle, creating a heart muscle 

patch. Male rats which had experienced a heart infarction were then treated with the EHT grafts, 

sham surgeries in which only stiches were applied, or noncontractile grafts. The EHT grafts 

structurally and electrically integrated into the host heart tissue. This resulted in a significant 

increase in fractional area shortening (FAS), which is the hearts ability to contract and therefore 

Figure 2. 6 : (a) Top view of BATs during 14-day culture. (b) Side view of the experimental set 

up. When the vacuum is applied, the rubber membranes are pulled down into the trough 

resulting in a uniaxial load on the BAT.30 
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pump blood, as compared to its counterparts. This method of individual EHT development 

received a patent in 2016 further emphasizing the effectiveness of graft production under loads 

mimicking its natural environment. 

 

The response of engineered tissues to cyclic mechanical loading continues to evolve as 

studies conduct experiments regarding new combinations of frequency and load intensity. In 

2007, Dr. Robert G. Dennis at the University of North Carolina developed a small bioreactor for 

uniaxially stretching tissues.40 Tissues are first grown in a small trough, a sinew, filled with a 

matrix, typically fibrin or collagen. The sinew connects to anchors at each end for attachment to 

a stepper motor used to exercise the tissue. Several of these small bioreactors can be connected 

to one stepper motor, exercising up to 11 samples at the same time and under the same parameter 

specifications. The development of this bioreactor was initially used for bioengineered heart 

muscle (BEHM) exposed to a stimulation of 1Hz for 6 hours a day for 7 days.  There were no 

significant improvements in the BEHMs in this study which is attributed to the low loads applied 

to the specimens. However, this study did prove the bioreactor biocompatible with BEHMs and 

showed an increase of collagen I and fibrin content as compared to control BEHMs not exposed 

to mechanical loading. 41 

In 2012, the same device, shown in Figure 2.8, was used to mechanically load engineered 

ligaments to determine appropriate frequencies and amplitudes which increase phosphorylation 

of kinases such as ERK1/2. ERK1/2 is an enzyme than signals downstream effects such as cell 

differentiation, proliferation, and transcription, which is essential for an increase in collagen 

Figure 2. 7 : Engineered Heart Tissue (EHT) graft development. (d) Individual EHT cultured in 

vitro, (e) 5 individual EHTs stacked on novel auxotonic loading device, (f) merged multiloop 

EHT graft for implantation. Scale bar 10 mm.39 
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synthesis.41 Engineered ligaments were stretched one week after formation under several 

different frequencies and amplitudes. There were no significant differences observed between 

frequencies and amplitudes; however, ERK 1/2 quintupled as compared to static conditions in 

the first 10 minutes of stretching and required a 6-hour rest period before eliciting more kinase 

activation. Also, significant increase of collagen content was shown in samples subjected to 

2.5% strain at 0.5 Hz for 10 minutes followed by a six hour rest period. Therefore, this study 

concluded that short periods of cyclic loading followed by long rest periods is the optimal 

combination for engineered ligament improvement in vitro.42 

 

 

So far direct mechanical loading of engineered tissues has been discussed. Let’s consider 

the benefits of mechanical stimulations as applied to engineered constructs in secondary 

methods. In 2015 a group from the University of California Davis tried influencing bioartifical 

tissues made of human anterior cruciate ligament (ACL) with serum from a third party pre and 

post exercise.43 To prove the hypothesis that when we exercise, the body naturally upregulates 

proteins such as collagen due to kinase activation. Serum was extracted from participants at rest 

and just after exercise. The total length of the experiment was 14 days. The first 7 were allocated 

for the development of the ligaments and the second half for treating the engineered ligaments 

with the patient derived serum which was added to the nutrient media. Therefore, the serum from 

Figure 2. 8 : Bioreactor for mechanically stretching engineering tissues uniaxially.42 
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the post-exercise environment should stimulate the bioartifical tendon and increase its 

mechanical properties without physically loading the fragile artificial tissue. The results showed 

an increase in collagen content of the samples that contained serum obtained from participants 

post-exercise compared to the serum from the same participants at rest. Therefore, exercising, or 

cyclically loading tissue, stimulates collagen increases which is responsible for the mechanical 

properties of tissues such as tendons, ligaments, and skin.43 Bioartifical ligaments treated with 

post-exercise serum also proved to have higher ultimate tensile strengths, most likely due to the 

increase in collagen content, shown in Figure 2.9.  

 

 

Mechanical stimuli of both static and cyclic nature have proven to enhance engineered 

tissues developed in vitro. Consider the “overload principle” which is used to describe how a 

person can improve his or her physical fitness by increasing their strength, agility, or speed. To 

accomplish this change in performance the body itself must be exercised (stimulated) just past 

what is comfortable but before damage. The overload principle associates the effects of stimuli 

to physical fitness and entire muscle groups; however, the theory is the same when applying 

mechanical stimuli to individual tissues. This argument is defended in literature by implementing 

the same principle to tissues in a developmental stage, regarding the maturation of cells in 

response to mechanical stimuli. This process of maturation can be broken up into four stages: 

structural, functional, metabolic, and molecular each of which requires mechanical cues to 

encourage the cells to perform.20 First, structural maturation refers to the phenotype of the cell or 

Figure 2. 9 : Results of bioartifical ligaments treated with serum from patients at rest and 

post-exercise.43 
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its ability to develop into the correct shape and therefore assemble with surrounding cells. 

Grenier et. al. showed that by applying static mechanical forces during culture of collagen sheets, 

cells will assemble and align with one another to form appropriate structures.25 Another stage of 

cellular maturation is the ability of cells to perform the correct response to a stimulus, known as 

functional maturation. Paxton et. al. showed that applying cyclic mechanical forces on 

developing engineered ligaments increases the activation of kinases from cells proving 

functional maturation is affected by physical stimulus.42 Lastly, metabolic and molecular 

maturation are the cells ability to adapt to processes changes when shifting from fetal to adult 

gene expressions.20 Brune et. al. showed that by applying loads similar to those experienced 

naturally in vivo, engineered tissue from neonatal heart cells can form grafts sufficient for 

improving the functionally of adult organs.39 Typically, the natural load on biological tissue is 

flexible or cyclic, which improves tissue properties and the ability for engineered tissues to 

mature into cells that mimic native tissue cells.38 However, certain tissues may respond best to 

static loading such as skin which is collagen dense. While maturation of cells and tissues have 

been proven to benefit from mechanically loading in vitro, the challenge remains how to 

optimally apply the correct level and type of mechanical forces to resemble native environments, 

which varies for each tissue. Therefore, this research will continue to explore the effects of 

mechanical stimulation on tissue in a laboratory environment, specifically skin. 

 

2.3. Skin Response to Mechanical Stimulation 

As discussed above, research has determined that bioengineered tissue properties can 

change when exposed to mechanical stimuli that mimic native environments during 

development. However, these engineered tissues still typically remain an order of magnitude 

weaker than their native counterparts. Now consider the effects on native tissue when exposed to 

mechanical stimuli beyond their natural environments. For this research the methodology will be 

applied to skin specifically since skin is used as the case study in the following experiments. 

Therefore, the following information will highlight the possible effects skin may experience due 

to mechanical stimulations.  

Human skin is comprised mainly of three layers; epidermis, dermis and hypodermis. 

When collecting native skin tissue from a donor there are two thicknesses considered; full and 

split. Full thickness tissue is comprised of the entire epidermis (outer layer) and entire dermis 
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(second/middle layer). This sample will include the entire hair follicle. Split thickness skin 

samples include the entire epidermis and only a portion of the dermis, shown in Figure 2.10.44 

Pig skin is considered one of the best representations for human skin models as they are 

anatomically, biochemically, and immunologically similar.45 Specifically, both human and pig 

skin have clear distinct epidermal and dermal layers. In a pig model the epidermis is about 30-

140 µm thick as compared to human skin which is 50-120 µm.46 Hematoxylin and eosin (H&E) 

staining of both human and pig skin is shown in Figure 2.11. Notice the distinct epidermis and 

the similarities in the dermal properties of the two tissues. Although swine models are the best fit 

for representation of human models often, subjects like rats and rabbits are used in preliminary 

studies since pigs are rather hard to handle and are comparatively expensive.46,47 

 

Figure 2. 10: Amount of skin tissue that quantifies “split thickness” and “full thickness.” 44 

Figure 2. 11: H&E staining of human vs. pig skin slices. Notice the similarities in epidermis and 

dermis size and make up. 45 
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Skin is a non-Newtonian, viscoelastic material. This means that the mechanical properties 

of skin are hard to measure since it is a solid but with viscous properties. Several studies have 

attempted to define and predict the mechanical properties of skin. As discussed earlier, skin is 

comprised of layers, and in 1980 a study was conducted to examine if these individual layers 

have significant impacts on the mechanical properties of skin.48 Collagen films were produced by 

extracting the collagen from male rats through a series of solution baths, the collagen was then 

molded into a sheet, frozen, and rehydrated. These rehydrated collagen films were tensile tested 

and compared to full thickness tissue samples to determine the amount in which collagen 

contributes to the mechanical properties of skin. The graph in Figure 2.12 shows the resulting 

stress-strain relations between full thickness male rat skin and the engineered collage films. The 

results between specimens proved that tensile strength of skin is correlated with collagen content. 

Cross sectional area of the tissues were measure via an optical micrometer and the authors 

suggest that collagen content could be related to cross sectional area as well.48  

 

It is arguable that some of the mechanical properties of skin are due to its connections 

with surrounding tissues. To test this theory there are several methods and devices used to 

measure mechanical properties of skin in vivo.  An echorheometer uses suction to displace the 

skin into the device where an ultrasound scanner determines the mechanical properties of each 

Figure 2. 12: Stress-Strain relation of full thickness skin to collagen films both from adult male 

rats.48 
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tissue layer, shown in Figure 2.13 (a,b). Initial studies in 1998 used an echorheometer to 

determine that the dermis is responsible for the mechanical properties of skin, probably due to its 

collagen content.49 Another device is an extensionmeter, which uses two holding devices pasted 

onto the patient, in this case the forearm. The devices are then moved apart while strain gauges 

are used to measure the properties of the skin, Figure 2.13 (c).50 In 2008 the same group lead by 

A. Delalleau developed mathematical models that simulate the results of both of these methods. 

However, since skin is a viscoelastic material, this means that under small short pressures the 

tissue will recoil to its original size but under longer static pressures the deformations become 

permanent. This is due to elastin which when broken will no longer recoil and accounts for about 

4% of the dry weight of skin.51 The models proved to have results similar to echorheometer and 

extensionmeter outputs, however both methods require several assumption regarding the 

viscoelasticity of skin.50,52 

 

 

In an effort to increase the accuracy of in vivo measuring of biomechanical properties, 

several devices have been developed to improve upon the original echorheometer and 

extensionmeter. In 2008 an addition of a shield improved the results of a typical extensionmeter. 

The third pad is placed around the load pad to deflect any peripheral forces. The schematic is 

shown in Figure 2.14 and was tested on rubber and full thickness porcine skin. This device 

measured compressive stresses of full thickness pigskin, under the assumption that skin in its 

relaxed state is already under tension. This study reports displacement as a function of force but 

Figure 2. 13: (a,b) Echorheometer 49, 52 (c) Extensionmeter50 
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used finite element analysis as the proof that the shield pad produced more accurate 

representation of the actual forces on skin for in vivo measuring.53  

 

Another novel device used is a mirco-robot to measure anisoptropic forces of skin in vivo 

in normal (longitudinal), in-plane (transverse), and out-of-plane directions, Figure 2.15. The 

micro-robot is attached to the skin with an adhesive, and moved in 3 directions, 0º, 45º, and 90º. 

The results are reported in graphs showing tip displacement relative to force (N) the tip 

experiences during the move. The results were highly variable ranging from 0.07 Nmm-1 to 

1.4Nmm-1, most likely due the difference in volunteers of this study.54  

 

 

Figure 2. 14: Reconfigured extensionmeter. The C pad shields the B pad (load cell) from 

peripheral forces.53 

Figure 2. 15: Micro-Robot device used to measure anisoptropic properties of skin in vivo.54 
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It is still debated weather in vivo methods for measuring mechanical properties of skin are 

valid.55 Therefore in 2014 full thickness skin samples of male rats were tensile tested in vitro for 

maximum stress and strain as well as Young’s modulus in a study to determine the different 

properties of skin between the back and abdomen.56 The samples were preconditioned with 10 

cycles of a small load to stabilize the tissue before testing, and then subjected to displacement of 

5 mm/min until failure. These tensile tests resulted in a statistical difference in properties of skin 

from the abdomen and back of male rats. The stress-strain plot gathered from one of the samples 

is shown in Figure 2.16 as well as the experimental set up. The elastic modulus of full thickness 

skin from the backs and abdomen of rats are reported as 22.5 MPa and 16.67 The 

preconditioning protocol of the tensile tests was taken from Özyazgan et. al. in which skin from 

ovariectomized rats (female whose ovaries have been removed) was tensile tested.55 The 

majority of literature agrees that collagen content is directly related to the mechanical properties 

of skin. Therefore, ovariectomized rats should have less collagen due to lower estrogen levels 

and therefore lower tensile strengths. However, Özyazgan et. al. reported an increase in tensile 

strength, breaking strength, and Young’s modulus.55 This contradictory information proves it is 

still unknown exactly how collagen synthesis actually affects mechanical properties of skin.  

  

There is yet to be a “best” method for measuring the mechanical properties of skin 

however, methods continue to emerge. A complex method uses atomic force microscopy (AFM) 

which uses nano indentations to measure the Young’s modulus and hardness of tissue.57 Where 

as a simpler method developed by Liu et al. uses image tracking via a mobile phone.58 These 

Figure 2. 16: (a) Stress strain graph of back (blue) and abdomen (red) skin, (b) representation 

of the skin in the tensometer.56 
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methods will continue to evolve, but for the purposes of this research, traditional tensile testing 

remains the best method due to its constant use throughout literature on skin as well as other 

biological materials such as ligament, brain, and heart.41,42 Experiments in this research will 

follow protocols from studies discussed in this section regarding, stimulation regiments, 

preconditioning, and tensile testing methods. 

 

2.4. Skin Grafts 

As discussed in the introduction to this work skin grafts are the most common treatment 

for burn wounds and often chronic leg ulcers as well. There are many types of skin grafts; 

homogenous/allogenic grafts are harvested from a donor of the same species with a final 

destination of different patient (ex: human to human). Heterogeneous/xenogeneic grafts originate 

from a different species than the final intended patient (ex: porcine to human). Artificial grafts 

are manufactured outside of the body and may or may not contain living cells when attached to 

the wound, these grafts rely on the proliferation of cells from the patient after attachment to heal 

the wound. There are FDA approved hybrid artificial grafts (Epicel®, Apligraf® and 

Dermagraft®, etc.) which are proliferated with cells beforehand. The last category of grafts are 

autologous grafts which originate from the patient who will receive the final product. Autologous 

grafts are considered preferable due to the rate in which the body accepts the graft as it is his/her 

own tissue. For the consideration of the development of the mechanical loading device, 

autologous grafts of two types are reviewed; split thickness, and full thickness.  

 

2.4.1. Split thickness mesh skin graft 

Split thickness skin is comprised of the epidermis and top layer of the dermis, shown in 

Figure 2.17.59 Split thickness grafts are harvested from a healthy location on the donor via 

dermatome, shown in Figure 2.18. Because split thickness graft collections are relatively shallow 

the donor sites only require sterile dressings to heal.60,61 Surgeons then use the split thickness 

graft directly for wound coverage or mesh the graft by placing small slits in the harvested skin to 

increase the size of the graft. Over time the holes created by the slits will re-epithelialize growing 

new tissue and creating a closed wound.62 
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The basic mechanics of a mesh skin graft can be described in 3 steps. 1) Skin is obtained 

from a healthy location on the donor’s body. 2) The skin is then hatched (meshed). 3) The 

meshed graft is expanded and attached to cover the wound.  

 

 

Mesh skin grafts are optimal for large area burn wounds due to the surface area a meshed 

graft can cover 61. The meshed grafts have other beneficial traits such as the allowance for 

drainage of fluid below the graft. When an unmeshed graft is applied directly to the body, often 

the graft is rejected due to fluid build-up below the attached graft which ultimately leads to 

severe infection.63 The first reports of meshing skin grafts were in 1907. However, it was not 

Figure 2. 17: Representation of approximately how much skin is harvested for a split 

thickness skin graft. 59 

Figure 2. 18: A dermatome removing skin for a split thickness skin graft. 
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until 1930 when the first publication using a sieve technique on skin grafts proved its 

effectiveness. In 1969 Tanner et. al. published a study using the “Mesh Dermatome”.64 The Mesh 

Dermatome was the first generation of mechanisms used for symmetrically hatching skin, to 

achieve the sieve technique originally published by Beverly Douglas.65 This mechanism was 

reported to achieve a 1:3 skin expansion ratio. The Tanner et. al. study is cited as the earliest 

publication of split thickness mesh grafting as applied to burn wound coverage using a meshing 

device. At the time of publication this method was accepted as the best method of burn wound 

coverage due to its success, also known as “take” rate, and healing time. It is reported that at 6 

months post operation the structure of the mesh was still visible but considered minimal due to 

the success in wound healing.64 Figure 2.19 shows the original crank Mesh Dermatome in use for 

a study published in 1969 in which three different agents were evaluated for their effectiveness 

against infection of burn wounds covering more than 10% of the total body surface area.66 

 

 

During the Vietnam War, burn wounds were especially common leading to a study 

conducted at a Naval Hospital in Philadelphia using split thickness mesh skin grafts as burn 

wound coverage.67 Split thickness grafts were 0.014 to 0.018 inches thick and sieved using the 

Tanner-Vanderput Mesh Dermatome, pictured above. The grafts were applied to the patients 

seven days after admission into the hospital. The “take” of the graft is considered the percentage 

of graft the body accepts without point defects. This study had a rather large “take” range, shown 

in Table 2.1. However, mesh grafting was optimal for early wound coverage due to its 

capabilities of surface area expansion and promotion of drainage of fluid. Figure 2.19 pictures a 

Figure 2. 19: Tanner Mesh Dermatome sieving skin graft. 66 
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patient on the day of surgery as well as seven days post op. This graft had an “excellent take” as 

seen by the epithelialization of the mesh.67 

 

 

 

  

 

 

 

 

 

A study conducted in 1967, just three years prior, considered split thickness mesh skin 

graft treatment for patients who were victim to land minds.68 This study again found that this 

method worked with an average graft “take” rate of 85% of the 30 cases in the study. They also 

found a correlation between the time it takes to apply the skin graft and the epithelization rate; 

meaning the faster the graft was applied the faster epithelization of the mesh graft began and 

therefore shorter healing times. However, it was noted that these grafts are not good for “hard 

coverage”. This implies that parts of the body such as an amputation site where a prosthetic 

could be connected are not suitable for this treatment due to the low abrasive tolerance of the 

graft.68 

Since mesh grafts had proven such good results for healing wounds Kojima et. al. studied 

patients who needed muscle flap transfer and used split thickness mesh skin grafts to cover the 

attachment site after transplantation, Figure 2.20.69 This study again used the Tanner-Vanderput 

Mesh Dermatome to achieve samples 3 times the size of the initial donor sample. It was 

concluded that split thickness mesh skin grafting is an acceptable method for closing open 

wounds. However, it was noted that while the patients achieved successful healing, the scarring 

of the grafts were unsightly. This was the first time in a publication that this method was reported 

to have inadequacies after grafting. Before the mesh grafting method was so well accepted by 

patients and doctors due to its life saving possibilities and quick healing time of about seven to 

ten days, that scarring was considered a minimal side effect and not worth publishing.69 Figure 

2.21 depicts 3 patients from the two studies discussed and their wounds after split thickness mesh 

Table 2. 1: “Take” Range for 1930 Naval Hospital Study. 67 

“Take” Range (%) Number of Cases 

0-25 4 

26-50 3 

51-76 5 

76-100 88 
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skin grafting. Therefore, it was concluded that split thickness skin grafting be used as a 

lifesaving method only and not for general wound closure. 

 

 

 

 

 

Figure 2. 20: (Left) Patient day of surgery after split thickness mesh skin graft attachment. 

(Right) Patient 7 days post operation.69 

A B C 

Figure 2. 21: 3 patients post operation who under when split thickness mesh skin grafting 

treatment. A) 4 Months 68 (B) 2 Years (C) 1 Year and 4 Months.69 
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Split thickness mesh skin grafting remained rather unchanged in the following years of its 

development. This method was continually used as a lifesaving technique, but avoided, when 

possible, on highly visible places (hands, neck, face) as well as places that endure high abrasive 

tolerances such as joints. The meshing device experienced small upgrades overtime, but still 

used the same basic technique to achieve a 1:3 expansion ratio. In 1994 Kries et. al. published a 

study using the Meek method of expansion, which was developed in 1958 by Mr. Cicreo Parker 

Meek.70 Mesh skin grafting is the most popular method of skin expansion in the west and 

therefore the Meek method was intended to improve upon the expansion ratios made possible 

with the traditional meshing technique. Expansion ratios greater than 1:4 often result is slow 

epithelization of the mesh, leaving the wound open to infection and prone to desiccation, 

resulting in the drying and cracking of the graft. The Meek method employs the use of several 

small grafts which are glued to a prefabricated gauze, forming a network of autograft islands 

shown in Figure 2.22. The gauze allows perfect separation of the meshes allowing the Meek 

method to achieve an expansion ratios of 1:6. This method is useful in cases where the patient 

has little healthy donor tissue available, but suffer worse scarring than that of traditional 1:3 

expansion ratio split thickness mesh skin grafting.70 

 

2.4.2. Full thickness skin graft 

Split thickness grafts are used most often for wound coverage due to the donor sites 

ability to heal rather quickly. However, these grafts are very fragile and can lack specific cellular 

definition to heal deep wounds. Full thickness skin grafts encompass the epidermis, dermis and a 

small amount of fat from the hypodermis, shown in Figure 2.10. Full thickness grafts are 

harvested via scalpel and require full anesthesia. The donor site must be closed intradermally, 

requiring stiches, staples, or surgical glue.60 Full thickness grafts are often used in animal models 

Figure 2. 22: Meek gauze populated with small autograft islands. 70 
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when the skin is too thick to obtain a thin epithelialized layer using a dermatome. Figure 2.23 

depicts a method which uses a cloth pattern to determine the approximate size and shape of the 

wound. The pattern is then scaled down and used to collect a full thickness graft from a healthy 

location on the patient. Once the donor tissue is removed a sharp blade is used to create parallel 

rows of staggered incisions, this allows the tissue to be expanded to cover a larger surface area 

than the original piece. The graft is then placed over the wound and attached via sutures. This 

process was demonstrated using a dog pictured in Fig 2.23.63 

The greatest disadvantage to using full thickness skin grafts is the healing process of both 

the donor and the attachment sites. The thickness of the graft causes scarring far worse than split 

thickness grafts. Therefore, full thickness skin grafts are less popular than split thickness grafts in 

human patients. 

 

 

 

 

 

 

Figure 2. 23: This figure depicts the process of a full thickness mesh skin graft completed on a 

canine model (Figure recreated from [63]). 
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2.4.3. Engineered skin substitutes 

As mentioned earlier autologous skin grafts (both split and full thickness) are considered 

the gold standard in burn wound care. However, there are several cases in which donor skin from 

the patient is unavailable. In such cases synthetic or engineered tissues are used. These types of 

grafts are most commonly used for chronic conditions like leg ulcers. Chronic leg ulcers are 

sores principally located below the knee and require longer than 4-6 weeks to heal.71 Chronic 

wounds in general affect about 7 million people in the United States resulting in $25 billion spent 

on treatment each year.72 Risk factors such as age, gender, weight, mobility, and chronic illness 

increase a person’s likelihood of having a chronic ulcer. Older patients in general have higher 

occurrences of chronic wounds as about 15% of the elderly population in the US has some form 

of lower leg or foot ulcer.73 Showing a combination of these factors, leads to even higher 

probabilities as about 18% of diabetic patients over the age of 65 have foot ulcers. The side 

effects of chronic leg ulcers include severe pain, itching, swelling, and can lead to amputation. 

The most common leg ulcers are venous leg ulcers (VLU) accounting for about 90% of the 

patients who have chronic wounds below the knee.74 Over half of the patients living with VLUs 

reported chronic pain as “moderate to severe” every day. This level of pain makes it increasingly 

hard for patients to complete recommended treatments and often fall into depression due to lack 

of independence and body image issues.71 Not only is chronic pain a significant effect of leg 

ulcers but 20% of patients who present a foot ulcer require amputation. Foot ulcers represent the 

majority of amputations, resulting in a limb lost every 30 seconds worldwide due to diabetic 

wounds.73 Of all the amputations completed each year about 85% are due to chronic wounds 

below the knee. There are four types of treatments for chronic leg ulcers. The first is 

compression garments, which help to encourage blood circulation and therefore supply nutrients 

to the wound. The second treatment option is using silver-based dressings. Silver is known for its 

bacterial resistant qualities, as chronic wounds often cannot heal due to habitual bacterial 

infections. Another option is topical lubricant gels made of alginate, which prevent the 

dehydration of the wound. Lastly and most recently studied is biological dressings including 

engineered skin. Products such as, Epicel®, Apligraf® and Dermagraft®, provide nutrients to the 

wound as well as lubrication to keep the wound from dehydration. Apligraf® and Dermagraft® 

are both allogeneic products that comprise of human fibroblasts. However, Apligraf® uses a 

bovine collage matrix and Dermagraft® uses a bio absorbable mesh scaffold. Epicel®, described 
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earlier, is an autologous graft grown from the patient’s own cells. All of these methods 

encourage a reparative environment for healing chronic leg ulcers. Although these products are 

currently on the market, there still remains no “gold standard” for treating chronic leg ulcers. It is 

conceivable these grafts could be used for burn patients as well however; this is not readily done 

in practice or reported in literature. 

Skin grafts have been used for decades to heal burn wounds especially when large surface 

areas are affected. These grafting methods have changed very little since they proved such good 

results early in research. Grafting is considered an art form by burn surgeons in the field today 

since it requires informed decisions by the surgeon regarding donor site location, closure 

technique, thickness, and meshing ratio. Not to mention the skill required to successfully collect 

a skin graft using an electric dermatome. Although these grafts work well to heal large surface 

area wounds there remain “unknowns” about the processes and the skin itself. This research will 

fill in some of these “unknown” gaps which have been assumed or overlooked for decades as 

skin grafts have been readily accepted as the “gold standard” for burn wound, and recently 

chronic leg ulcer, care. 

 

2.5. Tissue Expansion in vivo 

Skin grafts are the most common method for skin procurement for burn wound care, 

however, in vivo tissue expansion is another method which poses potential for skin procurement 

for the treatment of burn scars and chronic leg ulcers. Tissue expansion for skin defects was 

introduced in the 1950’s. Dr. Chedomir Radovan and Dr. Eric Austad were both working on the 

novel idea of tissue expansion within the same year. They unknowingly presented at the same 

conference, in 1976, and became the pioneers of tissue expansion.75 Tissue expansion itself is 

comprised of implanting a device (silicone balloon) into a patient, and slowly enlarging the 

device by inserting saline over about 4-6 weeks.76 The skin is usually expanded about 25-38% 

over the device and then used to correct defects either adjacent to the expansion area or in other 

parts of the body.51 These steps are depicted in Figure 2.24.77 The resultant tissue over the 

expansion device is like the way a woman’s belly expands over the period of pregnancy. Figure 

2.25 is a picture of several types of silicone inserts used in the tissue expansion process.  
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Tissue expansion is a multistage process that can take anywhere from two months to 

multiple years before completion. Patients are selectively chosen for tissue expansion as not 

every patient is a candidate.78 For example, a trauma patient may require time to recover and 

become stable before he/she is capable of withstanding the pressures of expansion. To ensure the 

most successful treatment the device should be inserted next to the area of concern to allow the 

expanded skin flap to remain attached to the body on one side and extended over the wound. 

This allows for less blood vessel reconnections and less scarring following surgery.78 Tissue 

expansion is used to repair many types of skin defects including but not limited to: breast 

reconstruction, birth defects, burns, and scalp repair for hair regrowth.76 Tissue expansion 

requires lengthy prep time and discomfort for the patient during treatment, however the results 

have minimal scarring, and better color and texture matching as compared to mesh grafting.79  

Figure 2. 25: Process of tissue expansion. 77 

Figure 2. 24: Representation of different sizes and shapes available for tissue expanders.49 
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Tissue expansion is used on multiple places on the body including scalp, face, neck, 

upper extremities, anterior trunk, posterior trunk, and the lower extremities. There are several 

complications associated with this treatment. Hematomas, which are the result of blood trapped 

between the skin flap and expander, result in toxic effects, which can lead to infection or 

necrosis. Infection may also be the result of an open suture site due to the pressure from the 

expander, allowing bacteria to enter the wound. Necrosis can occur if too much pressure is 

placed on the skin in one expansion period. The skin will present with blisters or severe 

discoloration in which case the expander should be deflated immediately to allow the skin to 

heal.80 Figure 2.26 and 2.27 depicts two successful surgeries in which in vivo tissue expansion 

was used for reconstructions of skin defects. 

 

 

 

 

 

 

 

Figure 2. 26: 44-year-old diabetic patient with chronic foot ulcer. Skin grafting was not an 

option due to the risk factors the patient presented. Tissue expander was placed in the right calf, 

and the donor site was able to be closed without the need of a skin graft. The final picture 

(bottom right) depicts the wound 1 year after tissue expansion.80 
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Since the discovery of in vivo tissue expansion as a method for skin procurement, the 

method itself has not changed dramatically. Although there has been significant research into the 

expanders themselves, as choosing the size and shape required for the appropriate fit can be quite 

ambiguous. There is also significant work regarding treatments which use a combination of 

tissue expansion with other products such as acellular cadaveric dermis (ACD). Bindingnavele 

et. al describe a method for covering the tissue expander with the ACD during expansion and 

leaving the ACD in the breast after closure.81 This method helps the tissue epithelize during and 

after expansion.  

 

2.6. Summary of Relevant Literature 

Wounds such as burns and chronic leg ulcers continue to plague patients and prove to be 

difficult to treat. The nature of many of these wounds typically requires skin procurement of 

some kind, meaning that the site needs to be covered with skin or a skin substitute to re-

epithelialize as the wound site may be too large for the cells to fill in on their own. Therefore, 

Figure 2. 27: 10-year-old burn patient who was unable to lift his left arm due to contraction of 

scars during healing. In vivo tissue expanders were inserted at the junction of the scar and 

healthy tissue. The processes required 5 weeks of expansion. After successful surgery and 

healing the patient was able to lift his left arm above his head.80 
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treatments involving autologous skin grafts and skin substitutes are used to properly cover the 

site and allow for reepithelization. Two of these methods include mesh grafting and in vitro 

tissue expansion. These two methods have been used for decades as means for skin procurement. 

However, due to the resulting scarring of mesh grafts and the long treatment times for tissue 

expansion there remains a need for an improved method of skin procurement for wounds such as 

burns and chronic leg ulcers. 

Engineered tissues are experimenting with mechanical stimulation during development in 

the laboratory to help strengthen and assemble into tissues that better resemble native properties. 

These tissues include tendon, ligament, and heart muscle and have shown positive results.30,31,39 

Therefore, this work aims to use mechanical stimulation of split thickness (pig) skin grafts in a 

laboratory environment to assess the change in properties of the grafts. These changes will give 

more insight to better develop methods for skin procurement in the treatment of wounds such as 

burns and chronic leg ulcers. This work will ultimately provide the optimal parameters for 

mechanically loading skin grafts and the resulting mechanical and biological changes which 

occur. These results may one day create an improved grafting technique for dressing wounds 

such as burns and chronic leg ulcers. 
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CHAPTER 3 

Objectives 

 

3.1. Background 

 Skin covers the entire human body, amount to about 22 square feet (2 square meters) of 

epidermal tissue in the average adult. To put that in perspective, if the average adult’s skin is laid 

out; it would take up about one third of a typical parking spot. Without our skin, we would not be 

able to control our body temperature, hold in the rest of our organs, contain water, fight off 

infection, and we would fry in the sun.82 Any time we hurt ourselves our skin is affected, 

whether by direct contact like scraping our knee or internal injuries which result in internal 

wounds which can require surgical methods for healing. Skin is resilient and heals rather 

quickly; however, in cases were large surface areas are affected, more significant methods to 

catalyze healing involving skin procurement are required. Examples of such events are burns, 

chronic ulcers, large skin cancers, or breast reconstruction. Each of these problems usually 

require some extra material for wound closure, where the gold standard is autologous tissue 

grafts. 

 Consider the skin grafting technique in which split thickness skin (epidermis and top of 

dermis) is hatched to cover a larger surface area wound. A meshed skin graft is said to expand to 

3 times that of its original size, however in reality expansions of only 1.4 – 1.8 are realized.83 

However, this method of skin procurement is fast and used often for patients with burn wounds. 

In vivo tissue expansion was first introduced in the late 1950’s; however, it was not until two 

decades later that it was recognized as a viable treatment for skin defects and deficiencies.84 

Since then tissue expansion has become widely popular for breast and skull reconstruction. 

Using a silicone bag to apply a load on the skin, causes signals that lead to the creation of new 

skin to help the skin reach its original level of “resting tension” (see Figure 3.1).76 This method 

can expand skin up to three times its original size as compared to 1.8 using a meshing technique. 

Figure 3.2 is a one-year-old patient who received three in vivo tissue expanders to grow skin 

used to replace a large congenital nevus (skin cancer) on the right side of the patients’ head.  
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Figure 3. 1: Skin cells desire a specific resting tension. If a load beyond a critical level is 

applied to the skin it will grow new cells to reach “resting tension”. When the load is removed 

there remains excess skin which can be used for wound closure.76 

A 

B 

C 

Figure 3. 2: one-year-old patient. A) Giant Congenital Nevus (skin cancer) consuming 25% of 

the patients head. B) 3 simultaneous in situ tissue expanders C) patient three years after 

treatment.76 
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Both tissue expansion and mesh grafting techniques are common treatment options for 

skin procurement. Tissue expansion yields greater expansion rates, however, meshing only 

requires a single surgery compared to months of treatment via tissue expansion. Considering 

both methods, this project originally aimed to develop an alternative method for procuring skin 

that combined both of the in vitro and in vivo techniques, creating a device for tissue expansion 

in vitro. Preliminary studies proved the device capable of maintaining and expanding tissue; 

however, expansion rates did not seem comparable to those of meshing or tissue expansion. 

Literature has shown that mechanically stimulating tissue alters its mechanical properties. 

However, these devices in literature typically do not mimic native loads. The device created in 

this work does mimic natural loads and lends itself to custom loading formulas. The samples 

used in this work are split thickness pig skin samples. Split thickness skin grafts (STSGs) is the 

generic term when discussing all of the samples in the study. STSG0 is the notation that refers to 

samples before mechanical stimulation and STSGF refers to “expanded” samples after 

mechanical stimulation. The principle research goal of this dissertation is to expose split 

thickness skin grafts (STSG0) to a known mechanical load in vitro and determine the 

mechanical and biological effects on the tissue (STSGF).  

 

3.2. Objectives and Tasks 

To complete the research goal, this work is divided into three core objectives which are achieved 

through the specific tasks listed below. 

Objective 1: Expose skin STSG0s to an orbicular mechanical stimulation in vitro 

Task 1.1: Develop hardware for holding tissue during mechanical stimulation in vitro. 

Task 1.2: Develop compatible systems for applying mechanical stimulation 

Task 1.3: Complete preliminary experiments (48 hours and 7 days) to determine ranges 

of input parameters 

Objective 2: Quantify the mechanical and biological responses of STSGs when exposed to 

mechanical stimulation in vitro before (STSG0) and after (STSGF) treatment. 

Task 2.1: Surface Area: Image capture  

Task 2.2: Thickness: Farro Arm laser scan to create 3D point cloud of skin to determine 

average thickness  

Task 2.3: Tensile Strength: Instron 5944, Single Column, Universal Testing System, 

Norwood, MA,to determine ultimate tensile strength and modulus of elasticity of tissue 

Task 2.4: Collagen Density: Sircol® collagen assay to determine µg of collagen per mg 

of wet STSG 

Objective 3: Viability of mechanical stimulation in vitro as wound coverage treatment 

Task 3.1: Determine the viability of the tissue using Live/Dead assay 
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Task 3.2: Visualize the change in microstructure using scanning electron microscopy 

 

 The first objective of this work is to establish a method for mechanically loading 

STSG0s in vitro. No such device existed for large pieces of tissue such as the ones used in this 

work. The three tasks completed resulted in an effective device and methodology for completing 

the design of experiments for the following objectives. The second objective uses the inputs, 

outputs, mechanisms, and controls, established in objective 1 to examine and quantify the 

changes in the mechanical and biologic measures described in each of the tasks through a design 

of experiments. The responses of the tissue considered are both mechanical and biologic in 

nature. The four major responses are: 1) surface area, 2) tensile strength, 3) thickness, and 4) 

collagen density. It is hypothesized that the level of pressure applied to the tissue during 

mechanical stimulation would cause a statistical difference in the amount of change measured. 

Therefore, the more pressure applied to the tissue the more change in surface area, collagen 

density, etc. Then the design of experiments completed for the second objective determines the 

appropriate parameters in which to elicit the best results in the change in mechanical and 

biologic properties of the STSGs. STSG0s are exposed to mechanical stimulation for three days 

at pressures of 2, 3, 4, and 5 psi every 6 hours. The final objective of this work is to predict if this 

method of mechanical stimulation could be a suitable alternative treatment for wound coverage 

of burns and chronic leg ulcers. This objective is achieved by assessing the results of the first two 

objectives to determine the clinical merit of mechanically stimulating STSG0 in vitro.  

 As part of this work an adaptive control unit is developed to monitor the tissue during 

loading to predict tearing. This method uses pixel intensity as a measure to detect failure of the 

tissue. This monitoring method is used as part of the design of experiments completed in this 

work and will be discussed in another chapter. The adaptive control unit did not have any effect 

on the loading of the tissue for this work as it would cause anomalies in the data. Therefore, the 

control unit is a separate entity of this research and will be discussed as such.  

The specific objectives and tasks established above will determine how the mechanical 

and biological properties of STSGs change when exposed to mechanical stimulations in vitro. 

Each objective is based on the results of the previous objective. Objective 1 establishes validity 

of the process. Objective 2 uses a design of experiments to statistically prove how/if these 

properties change between STSG0 and STSGF. The levels of the control variables in objective 2 

are established based on the results of objective 1. Finally, objective 3 will use the results of 
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objective 1 and 2 as well as visualization of the tissue itself to establish an assumption of the 

overall health of the STSGF. The tasks in each objective are concrete measures which will 

establish an understanding of how STSG0 responds to a mechanical load in vitro.  
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CHAPTER 4 

Expose STSGs to an Orbicular Mechanical Stimulation in vitro 

 This chapter provides an overview of the methodology and results from the preliminary 

work conducted for this dissertation. The chapter begins with the rationale for the design of the 

loading device, and the moves to the manufacture, and testing of the loading device and 

subsequent protocols. This chapter is organized by first reviewing the device instrumentation 

regarding the loading device followed by the additional instrumentation required to control and 

maintain the input parameters during stimulation of the tissue (Tasks 1.1 and 1.2). Finally, this 

chapter is concluded with the methods, results, and discussion of the preliminary experiments 

(Task 1.3). The completion of objective 1 determined the levels at which the tissue is stimulated 

in objective 2. Therefore, the next chapter will review the methods, results, and discussion of the 

final design of experiments. 

Objective 1: Expose STSGs to an orbicular mechanical stimulation in vitro 

Task 1.1: Develop hardware for holding tissue during mechanical stimulation in vitro. 

Task 1.2: Develop compatible systems for applying mechanical stimulation 

Task 1.3: Complete preliminary experiments (48 hours and 7 days) to determine ranges 

of input parameters 

 

4.1. Device Instrumentation 

 A mechanical orbicular loading device was developed in 2012.85 The original research 

team at North Carolina State University consisted of Dr. Peter Prim, Caroline Webster, Dr. 

Richard Wysk, and Dr. Ola Harrysson. This project was initially a joint effort with Wake Forest 

Institute for Regenerative Medicine (WFIRM) in which Dr. John Jackson, Dr. Anthony Atala, 

and Dr. Sang Jin Lee helped to develop the device patented. The team initially began the project 

to design a device to hold and expand tissue under orbicular pressure. The device was designed 

to hold skin in place so that pressure could be applied from below pushing the skin up like a 

balloon such that the skin would grow/expand and therefore increase the surface area of skin. 

Specifics regarding the initial design considerations of the bioreactor are located in Appendix A. 

Figure 4.1 is a CAD rendering of the device used for the preliminary and primary testing. 
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4.1.1. Bioreactor assembly 

 Although the device described in this research has applications relating to many tissue 

types, skin samples harvested from swine cadavers are used in the experiments of this research. 

The device is assembled in a semi sterile environment (a hood). The bottom half of the reactor is 

laid face up on the worktable. The membrane is placed inside the pocket, follow by the skin 

sample. The sample is placed upside down (dermis up) to allow media access during expansion. 

The media provides hydration and essential nutrients to the tissue on a biological level and 

promotes cell proliferation during expansion assuming there is cellular activity. Next, a silicone 

O-ring is placed along the outside of the pocket. This O-ring provides a seal of the outer pressure 

pocket. The tissue fixturing ring is placed with the textured surface down on the sample. Another 

silicone O-ring fits into a grove on the top of the tissue fixturing ring to create a seal for the 

liquid media pocket. To assemble the device together the two halves of the reactor are aligned 

using bolts, compressed with springs, and wing nuts providing sufficient pressure to combat the 

pressure applied by the water from underneath the device. Therefore, the device is capable of 

holding healthy tissue in vitro without slipping under pressure. Once all bolts have been 

Figure 4. 1: CAD of the loading device used for expansion experiments. (Blue) Acrylic top 

and bottom halves of the device. (Yellow) Fixturing ring with black o-rings for leak proof seal. 

(Red) membrane used to separate tissue from the water pressure pocket. Note: The tissue 

would be inserted in-between the membrane (red) and the tissue fixturing ring (yellow). 
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tightened, they act as legs for the bioreactor allowing space underneath for passage of tubing to 

the entrance and exit valves. This device design was sufficient for the preliminary experiments 

showing proof of concept and used in further experiments as well. A new device was 

manufactured for further experiments which included a few changes. These changes included 

using a metal tissue fixturing ring, clear latex membrane, 6 connecting bolts instead of 8, and a 

square reactor design for ease of manufacturing. Figure 4.2 depicts the set up used for the 

preliminary experiments, and Figure 4.3 depicts the final loading device assembly used to 

complete the experiments for objective 2. 

 

 

  

B 

A 

Figure 4. 2: (A) Side view of assemble device with nutrient media. (B) Top view of assembled 

device with no nutrient media. Looking directly at porcine tissue loaded into the device. 
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4.1.2. Syringe Pump  

 When the bioreactor was first developed a single syringe was used to insert water into 

the system and therefore expand the skin. During these experiments skin tissue samples were 

found to have an average maximum pressure limit of about 9 psi. These, experiments were 

completed previous to this work by the original research team. To better control the input 

parameters of the system a computer-controlled syringe pump was developed. The original 

syringe pump was designed and developed by Dr. Harshad Srinivasan. The pump encompasses 

four 30mL syringes and is controlled by a program developed in LabVIEW. A screenshot of the 

control panel of the software is shown in Figure 4.4. While there are similar syringe pumps that 

 
B 

 

 

 

A 
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B 

 

 

Figure 4. 3: Assembly of the latest loading device. (A) Bottom half with latex membrane and 

STSG0 (dermis up). (B) Metal tissue fixturing ring and O-rings (C) Align top and bottom half 

with bolts. (D) Assemble with bolts, springs, and wing nuts (E) Final assembly during loading. 
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are available for commercial purchase these are very expensive. Each loading device requires its 

own syringe pump, and the syringe pump shown below is manufactured in CAMAL for less than 

half the price of a commercial syringe pump. The control software provides control options 

including time, pressure, volume, and combinations of the like. The pump uses a series of Luer 

locks and a digital pressure sensor to connect to the loading device. 

 

4.1.3. Tissue collection, storage, and maintenance 

 None of the samples collected in this study were from animals euthanized for this study 

alone. All samples were collected from animals that were scheduled for euthanasia for other 

reasons or animals from a local slaughterhouse. Specimens collected from the North Carolina 

State University Swine Unit were first euthanized and placed on its abdomen with all four hocks 

(legs) spread out for support to keep the animal steady. Skin from the hind quarters (back) of the 

animal is collected for this study.  This location is first shaved with an electric razor, cleaned, 

and shaved again using shaving cream and a straight razor. The location is then cleaned again 

with water followed by iodine to sterilize the tissue. The split thickness porcine skin samples are 

then collected using an electronic Integra® Padget® dermatome, set at the largest thickness 

available (0.7 mm), Figure 4.5. Porcine epidermis tends to be much tougher than human 

epidermis requiring a great deal of strength while using the dermatome as well as a second set of 

hands to help hold the skin taught during skin retrieval. Samples collected from Nahunta Pork 

Center Slaughterhouse, were collected during the time the animal is bled out before any washes, 

Figure 4. 4: (Left) Program interface used to control and monitor device parameters. (Right) 

Syringe pump used to input water into the system during testing. 
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heat, or changes of any kind were made to the animal. In this collection situation the animal is 

hanging rather than laid out on the ground. The samples are still collected from the back of the 

animal. This protocol was adapted from consultations with surgeons at WFIRM and agrees with 

Branski et al.53 The STSG0 is then placed in saline solution in a sterile specimen collection cup. 

Note that the raw STSG0 is the only output from this step in the process.  

 

 The samples are stored in phosphate buffered saline, pH 7.4, in a refrigerator between 4o 

and 6o Celsius. This is a typical protocol for split thickness skin tissue used for STSGs. In 

practice, STSGs are considered viable for 7 days if maintained in saline soaked gauze. Typically, 

the more time a sample spends in storage the less likely the graft is to take. However, studies 

conclude that there is no significant collagen loss during the 7 day period, and cell count remains 

high enough at 7 days in storage to be considered viable.86 The samples are expanded and tested 

within 7 days of collection..87  

 During testing the STSG0 is loaded into the device with the epidermis down and 

therefore the dermis is exposed to oxygen and liquid media which provides hydration and 

nutrients to the tissue during loading. Preliminary experiments used Dulbecco's modified Eagle's 

B 

 

 

A 

 

 

C 

 

 

Figure 4. 5 (A) Specimen shaved and cleaned just before collection. (B & C) Animal after split 

thickness skin is removed. 
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medium (DMEM/F-12) with phenol red to determine viability of the tissue. Final experiments 

used DMEM/F-12 without phenol red to provide appropriate moisture and nutrients to the tissue 

during in vitro loading. DMEM is considered the standard nutrient media used in culture 

experiments and has been shown superior to other supplemental growth media for maintaining 

skin tissue in vitro.88 Fetal Bovine Serum (FBS) was not used in any of the experiments 

conducted for this research.  

 

4.2. Objective 1-- Preliminary Experiments 

 Following the design and construction of the bioreactor, preliminary experiments were 

conducted to examine the efficacy of the loading device, syringe pump, and computer software 

for extended experiments (Task 1.3). The first set of experiments aimed to use the developed 

syringe pump to maintain pressure on the tissue for 48 hours. This set of experiments concluded 

that the bioreactor could not only maintain pressure on tissue for an extended amount of time, 

but also keep the tissue viable in vitro. Viability of the tissue was determined by the pH of the 

nutrient media. The DMEM used for this set of experiments included phenol red, which 

maintains its red color if the pH remains between 7 and 8. The next set of experiments aimed to 

use the results of the 48-hour tests to conduct 7-day experiments. The second experiments 

conducted during the summer of 2014, used the labs at WFIRM and maintained a much higher 

level of sterilization. These experiments expanded the first proof of concept test and maintained 

viability in the device for 7 days. Therefore, extremely low pressures were used to ensure that the 

tissue did not tear. This set of experiments concluded, that if the tissue is healthy when initially 

loaded into the device and the nutrient rich media is changed every 24 hours, the skin remained 

viable for 7 days in vitro. These experiments also showed a maximum increase of 39% in surface 

area of the skin after being loaded for 7 days. Although these experiments showed great promise, 

adequate pressure to encourage the skin to expand/grow could not be applied for fear of tearing 

the tissue. Each of these “proof of concept” experiments provided encouraging results that the 

loading device used in this research can apply continuous pressures to the tissue while keeping it 

viable for at least 7 days, which is comparable to length of other loading experiments. 25,30,41 
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4.2.1. Proof of concept experiment I (48 Hours) 

 The first set of experiments using both the loading device and the developed syringe 

pump, aimed to establish baseline input parameters in which split thickness porcine skin would 

remain viable for 48 hours. Prior to conducting these initial experiments there was no known 

published data regarding split thickness tissue and the loads in vitro at which it best responds. 

Therefore, the first 3 tests were run under similar protocols but were adjusted with each sample 

to eventually determine a maximum load exposure for 48 hours without failure. 

Initially when the tissue bioreactor was first created, an analog pressure sensor was used 

to monitor the pressure in pounds per square inch on the tissue sample (see Figure 4.6). The 

initial device used a single 60 mL syringe to manually pump water into the pressure pocket 

below the skin. These tests resulted in tears in the center of the tissue and not at the attachment 

site of the tissue fixturing ring. This was a positive result meaning that the device applies the 

requisite pressure to the entire sample and not only the attachment site. Figure 4.7 shows the skin 

samples loaded to failure in the loading device.  

 

 

 

 

 

 

 

Figure 4. 6: Initial experiments conducted to test the validity of the loading device. 
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Following the protocol and the results from the initial testing of the device, the new 

research team aimed to implement the 120 mL syringe pump. The computer controlled pumping 

device allows for more accurate reporting of loading on the tissue, as well as more accurate 

volume increases. Two animals were euthanized for another project in which skin was collected, 

therefore leaving little tissue available for this set of experiments. However, 2 samples from the 

first specimen and 1 sample from the second was large enough for testing. Therefore, 3 samples 

in total were tested to determine appropriate parameters of the system to achieve 48 hours of 

loading tissue in the system without failure.  

 Once back in the lab, the samples are removed from the saline solution and placed into a 

large petri dish where they are cut into a circle with a diameter of 5 cm using a scalpel. The 

samples outer circumference does not need to be exact due to the width of the tissue fixturing 

ring. The samples are then measured for thickness using a metric calliper.89 This is a typical 

method for measuring thickness of skin tissue but is not accurate due to the liquid content of the 

tissue. Other studies are described later for measuring thickness of viscous tissues more 

accurately. 

 The NIH recommends temperatures between 20 and 37 degrees Celsius for testing 

epidermal tissues.90 Skin is exposed to natural elements in its native state and is typically a 

colder temperature than the average body temperature of 37 C; therefore, the incubator was kept 

at 35 C. Following the assembly of the device and the purging of the system, 30 mL of DMEM 

Figure 4. 7: Porcine skin samples loaded in the original device to failure with analog pressure 

gauge and manual water injection. The ruptures are circled. 
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(with phenol red) is manually pipetted into the media tube at the top of the device. The DMEM is 

changed at least every 24 hours. 

 Due to the natural resting tension of skin, cyclic loading was conducted on the samples 

until the no pressure change was detected between cycles. Each cycle introduced 1 mL of water 

into the system, when the system showed no change in psi from the last pump of fluid into the 

system the tissue was assumed to be nearing its maximum tension.  

 

4.2.2. Results of 48 hour experiments 

 During the expansion of the initial pilot samples, the first sample ruptured after 3.5 

hours of testing and reached a maximum 9.2 psi at a maximum volume in the system of 25mL. 

Figure 4.9 depicts the time and volume graphs relative to pressure. The second sample achieved 

a longer testing time of about 18 hours. This was the result of a much more conservative 

approach to cyclic loading. This sample received quick bursts of fluid at 1 mL per cycle and 

allowed to rest for longer periods (2, 1, 4.75, and 7 hrs.) However, the sample ruptured over 

night during the 7 hr. rest period. The system did not log the time of rupture because there was 

no sudden drop in psi reported during the 7 hour holding period. It is assumed that the tissue had 

relaxed to resting tension before the tear occurred. Therefore, when the tear occurred there was 

no back pressure on the system from the tissue itself but rather pressure applied to the membrane 

at that volume, and the system did not recognize a tear. The maximum pressure (psi) and volume 

(mL) in the system were, 6.1 and 28 respectively. Figure 4.8 shows the pressure and volume data 

recorded for sample 2. Sample 1 is included on these graphs to show the more conservative 

approach taken for sample 2. 
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 Sample 2 still failed much earlier than anticipated. Therefore, another strategy was 

employed for the third and final sample. Instead of controlling the input of water into the system 

by volume, pressure was monitored and used as the critical parameter. The volume was increased 

until 2.5 psi was reported by the digital pressure sensor. The system then remained unchanged 

for 60 minutes. Volume was again pumped into the system to reach 2.5 psi and again, the system 

remained unchanged for another 60 minutes. The tissue was then given another 60 minutes to 

relax. Therefore, the 180 minute cycle consisted of pushing the tissue to 2.5 psi and waiting 60 

minutes then increasing the tissue pressure to 2.5 psi and waiting for 120 min. 18 cycles were 

completed for a total of 54 hours of loading on sample 3 with no failure. There was some 
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Figure 4. 8: Graph of sample 1 and 2 of 48 hour preliminary experiments. 
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bacteria growth on the tissue, likely due to not sterilizing the tissue before testing. Unfortunately, 

the log file from the syringe pump was corrupted and little data is known regarding the amount 

of volume that was introduced into the system. However, sample 3 did not rupture and showed a 

10% increase in surface area after expansion. Figure 4.9 depicts sample 3 during loading with 

DMEM, at the end of loading after DMEM is removed, and the final tissue after loading. 

  

A 

B 

C 

Figure 4. 9: Preliminary experiment sample 3 (A) loaded with DMEM, (B) after loading with 

DMEM removed, (C) after disassembly of the loading device. 



   

59 

 

4.2.3. Discussion of 48 hour experiment results 

 Sample 1 failed much earlier than expected, however this was still the longest test to 

date. There was no design of experiments and very little protocol in place when these three 

samples were loaded. However, these samples did prove the validity of the device and its 

capability to keep the tissue viable under load. The first sample proved that STSGFs need more 

time to relax between loading cycles. The second sample confirmed that allowing longer relaxing 

times will increase the life of the sample in the device. However, pushing STSGF to their upper 

limit continuously results in early failure. Therefore, to avoid failure a load of only 2.5 psi was 

placed on the tissue during the third test, and resulted in 54 hours of loading without failure. 

These results concluded that the device is capable of mechanically loading tissue without failure, 

meaning it still remains viable after loading. 

 This set of experiments is considered preliminary work used to guide the next set of 

experiments, and therefore no statistically significant data can be reported. In the next set of 

experiments STSG0 will be loaded for up to 7 days. Again, using time as the critical measure of 

the capabilities of the device.  

 

4.2.4. Proof of concept experiment II (7 Days) 

 When burn victims arrive at the hospital, the wound is first cleaned and covered to 

stabilize the patient and prevent infection.91 For patients presenting less than 15% total body 

surface area burns early excision and grafting, within 14 days of injury, results in higher graft 

rate.92 Patients receiving in vivo tissue expansion usually have to heal for 6 months to a year 

before the silicon expansion bag can be surgically placed into the body and expansion begins. 

Understanding the timeline in which patients can actually receive treatment will guide the 

desired outcomes of the loading device. Therefore, 7 days is the hypothesized maximum 

treatment length for mechanically loading STSGs. This time frame is common among 

engineered tissues that require mechanical loading such as ligament, and heart muscle.25,30,41 

Therefore, minimal loads were applied to 4 split thickness skin samples to achieve 7 days of 

loading without rupture. 

 There were 4 samples collected during the summer of 2014 for this study. These 

samples were collected at WFIRM and the animals were not euthanized for this study, but were 

scheduled for euthanasia for other purposes. Samples were collected, stored, and cut to size 
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following the same protocol described in section 4.1.3. However, in order to avoid bacteria 

growth experienced by sample 3 in the previous work, the samples were cleaned in a series of 3 

steps. The samples were placed in a solution containing 3mL antibiotic/antimycotic, 3mL 

penicillin/streptomycin, and 30mL PBS for 30, 20, and 15 minute cycles. These experiments 

were conducted alongside Dr. Peter Prim’s work for uniaxial loading split thickness skin for 

expansion.93 This experimental protocol used static loading and therefore the following 4 

samples were exposed to static loads of 0.5 and 0.75 psi  

Initial surface area of the tissue samples is measured based on the inner diameter of the 

tissue fixturing ring. Final surface area of the tissues were found using ImageJ, in which three 

free form circles were drawn on the image of the final tissue encompassing the tissue exposed to 

loading. The average of the three areas is considered the final surface area of the loaded tissue. 

Initial and final thicknesses are the average of 4 locations measured using a metric caliper, 

Figure 4.10. 

 

4.2.5. Results of 7 day experiments 

 There were 4 samples tested in this phase of experimentation, 3 of which did not fail in 

the 7 day loading period and showed no visible bacterial growth. The ruptured sample is shown 

in Figure 4.11 and Table 4.1 shows the data collected from these experiments.  Sample 2 and 4 

showed an increase in average thickness. Samples 2, 3, and 4 showed an increase of surface area 

of 29%, 27%, and 39% respectively. The tissues were considered viable if the DMEM, which 

A B 

Figure 4. 10: A) STSG0 cut to size before loading with representative measured thicknesses.  

B) STSGF after loading with representative measured thicknesses.   
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was changed every 24 hours, remained red when the sample was unloaded from the device. The 

red color of the DMEM is a pH indication of cellular health, if the tissue pH changes the media 

becomes yellow. Figure 4.12 shows the final tissues after loading from samples 2, 3 and 4. 

Notice the color of sample 2, this initially indicated that the tissue would not be viable for 

grafting.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11: Sample 1 ruptured during the first 8 hours under a load of 0.5 psi. 



   

62 

 

 

 

 

 

  

Table 4. 1: Data collected from preliminary 7 day experiments. 

Sample 
# 

Loadin
g Time 

Initial 
Avg. 

Thicknes

s (mm) 

Final 
Avg. 

Thicknes

s (mm) 

Initial 
Surface 

Area 
(cm^2) 

Final 
Surface 

Area 
(cm^2) 

% 
Surface 

Area 
Increas

e 

Max 
Pressur
e (psi) 

Cycle 

1 

Failed 

over 

night 

0.2075 NA 19.625 NA NA 0.5 Static 

2 7 days 0.305 0.39 19.625 25.254 29% 0.5 Static 

3 7 days 0.725 0.653 31.404 39.878 27% 0.75 Static 

4 7 days 0.415 0.575 19.625 27.317 39% 0.5 Static 

Sample 3 Sample 2 Sample 4 

Figure 4. 12: Final STSGFs after 7 days of loading. Notice sample 2 is a different color and 

assumed to be not viable. 
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4.2.6. Discussion of 7 day experiments 

 The 4 samples loaded for the 7 day experiments were intended to prove the efficacy of 

the loading device and associated instrumentation for extended periods of time. These results 

concluded that the instrumentation developed for loading tissue in vitro in an orbicular manor is 

achievable. These experiments were also meant to determine if the tissue resulted in an increase 

in surface area when exposed to mechanical loads in vitro. An increase in surface area could 

prove this method a viable option for skin procurement in treating hard to heal wounds like burns 

and chronic leg ulcers. Although one sample did fail, three of the four samples made it through 

the 7 day experiments and resulted in an increase in surface area. The STSGs exposed to loads of 

0.5, 0.75, and 0.5 psi in this study showed surface area increases of 29%, 27%, and 39%, 

respectively. These increases are well below mesh grafting or in vivo tissue expansion results but 

show promise of surface area increases in vitro. Recall mesh grafts can achieve up to double the 

size of the original graft and in vivo tissue expansion can achieve up to triple the original size. 

These experiments were intended to be preliminary experiments and therefore there is not 

enough data to statistically conclude if the amount of pressure has an effect on the resulting 

increase in surface area. However, these results did prove that the tissue expands in the device. 

 Aside from surface area a change in thickness was observed among all samples which 

did not rupture. Thickness was measured using a standard caliper which is typical for measuring 

skin thickness in literature. However, due to the viscosity of the tissue this is not an effective 

method for measuring the thickness of the tissue. Objective 2 will explain a more appropriate 

method and the results in the change in thickness among the samples tested. These experiments 

in objective 1 concluded that more samples need to be loaded to determine statistical significance 

of pressure and time on the amount of change of material properties of the STSG exposed to 

orbicular loads in vitro. 

 

4.3. Conclusions of Objective 1: Preliminary Experiments 

 Mechanical properties of pig skin tissue harvests have not been well defined in the 

literature.  Critical information like: elastic modulus, Ultimate Tensile Strength (UTS) and stress-

strain graphs are needed for a better understanding of the tissue. Therefore, objective 1 aimed to 

determine if STSGs could be subjected to a load both in and out of the normal plane. Once it was 
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determined the load could be applied to the tissue in an in vitro setting, the tissues were 

examined for changes in material properties.  

 Preliminary experiments I and II focused on maintaining tissues under a load in vitro for 

an extended amount of time. The results from both of these experiments proved the efficacy of 

the device and the developed tissue collection, assembly, and disassembly protocols. Changes in 

material properties such as surface area and thickness were observed. However, studies with 

larger sample sizes are required to provide statistics of variability and determine significant 

parameter settings.  

 Recall the IDEF0 model from Figure 1.2 in the introduction. This model represents a 

black box of the steps necessary to collect, store, load, and test tissue for this research. Now 

consider Figure 4.13, which is an expanded version of the A0 node and applies the appropriate 

inputs, outputs, mechanisms, and controls to the step(s) in the process. The protocol developed 

for this work follows to first collect the STSG0 (A1). Once back in the lab it must be prepped for 

mechanical stimulation and pre loading tests completed (A2), after which it is loaded into the 

device and stimulated (A3). The STSGF is then removed from the device and follow up testing is 

completed (A4). The protocols for nodes A1, A2, and A3 are the direct result of the experiments 

completed in objective 1. Objective 2 will assess the change in material properties including 

surface area, thickness, tensile strength, and collagen density to determine appropriate 

parameters for loading STSGs in vitro, as an alternative for skin procurement treatments. 
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Figure 4. 13: IDEF0: inputs (left), outputs (right), controls(top), and mechanisms (bottom) assigned to the appropriate step in the 

protocol for loading STSGs in vitro.
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CHAPTER 5  

Quantify mechanical and biological responses of split thickness skin samples when exposed 

to mechanical stimulation in vitro  

5.1. Background 

Traumas such as burns may require procurement of skin or skin substitutes for 

transplantation for wound coverage and ultimately healing. These methods can include mesh 

grafts, in vivo tissue expansion, synthetic tissue, and engineered skin products. Human skin is 

comprised of three major layers, the epidermis, dermis, and hypodermis. The epidermis, outer 

most layer, is also the thinnest of the three. The dermis, middle layer, gives skin its fullness and 

contains blood vessels, hair follicles, and oil glands. Collagen and elastin are among the most 

prominent proteins found in the dermis and are responsible for skin health since they control the 

return of skin to its normal state after being stretched.94 Split thickness skin grafts (STSGs) are 

comprised of the entire epidermis and part of the dermis. Therefore, the STSGs in this work 

contain fibroblasts in the epidermis, and collagen and elastin in the dermis. All of which will 

contribute to the mechanical and biological properties of the STSG0s and STSGFs.  

To date, the tissue expansion/loading device has shown its ability to maintain tissue under 

a load and alter material properties such as surface area. The SCOR model, shown in Figure 1.1, 

will be used to define the experimental model used in this work. The preliminary experiments 

defined the “source” materials and methods specific for the loading device. The methods for 

collection, storage, and maintenance of the tissue and the required medium have been 

established. The hardware of both the device and its control and monitoring systems have been 

tested in the “Pilot Study” and performed adequately for completing the following experiments. 

The methods to “make” the final product have been preliminarily tested to determine bounds in 

which the device succeeds. The approximate maximum (8 psi) and minimum (1 psi) loads as 

well as time constraints (low strain rates) have been established. The next steps are to determine 

more concrete parameter levels at which split thickness porcine skin is most responsive, such 

that it may be “delivered” back to a patient.  

The most common types of skin grafts are autografts, allografts, xenografts, and synthetic 

skin coverings. Autografts, which originate from the patient themselves, are the best option when 

the patient has available tissue and can withstand the procedure. Allografts, which originate from 

another human patient, are used in coverage of large wounds when available from the tissue 
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bank. Xenografts originate from another species, typically pig, and are used in both split and full 

thickness grafts and are considered excellent for pain management.95 Skin grafts, no matter their 

origin, are considered robust biological materials and are normally stored in saline soaked 

gauze.96, 97 Although this has been the choice storage methods for skin grafts for decades, 

recently studies have begun to assess the viability of skin grafts under different storage 

conditions. Viability of a graft may be determined by two different methods, take rate or the 

amount of cellular activity.98 In most of the literature, cellular viability is most common for 

studying grafts in vitro and is often tested by three methods: MTT salt assay, haematoxylin and 

eosin (H&E) stain, or Trypan Blue Exclusion method. However, each of these methods are 

argued in literature and require tissue manipulation before testing cell viability, which may not 

be appropriate for skin grafts in vitro. In this work, cellular viability of porcine split thickness 

skin grafts (STSGs) is assessed by a LIVE/DEAD® assay on very small samples of the grafts 

through each phase of the process. This assay stains the cells which are imaged under a 

florescent light microscope to determine viability. Another study of viability for this work uses 

two STSG0 and two STSGF samples that are imaged via scanning electron microscopy (SEM). 

The SEM images allow for the assessment of the changes in the microstructure of the STSGs 

before and after mechanical stimulation.  

The experiment described in this chapter considers several mechanical and biologic 

measures to quantify the effect on STSG0s
 when exposed to a mechanical stimulation. These 

experiments follow the structure of the second and third objective presented in Chapter 3. Four 

response variables will be addressed to determine if the load intensity has a significant impact on 

any of the response measures. This chapter also describes the methods and results for each 

response variable, and concludes with suggestions of how these observations concerning the 

mechanical and biologic properties are key responses to developing an alternative method for 

skin procurement by expansion. These responses will also include base line measures of STSG0s 

based on their collection method since there is little quantifiable attributes reported regarding 

split thickness porcine skin. 
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Objective 2: The basis for Objective #2 is to quantify the mechanical and biological responses 

of skin grafts when exposed to mechanical stimulation in vitro before and after treatment. 

Task 2.1: Surface Area: Image capture  

Task 2.2: Thickness: Farro Arm® laser scan to create 3D point cloud of skin to determine 

thickness  

Task 2.3: Tensile Strength: Instron 5944, Single Column, Universal Testing System, 

Norwood, MA, to determine Ultimate Tensile Strength (UTS) and Modulus of Elasticity 

(MOE) of STSGFs 

Task 2.4: Collagen Density: Sircol® collagen assay to determine µg of collagen per mg 

of wet STSG 

Objective 3: The goal for this objective is to determine the viability of mechanical stimulation in 

vitro as wound coverage treatment 

Task 3.1: Determine the viability of the tissue using LIVE/DEAD® assay 

Task 3.2: Visualize the change in microstructure using scanning electron microscopy 

 

5.2. Methods 

The experiments completed for this worked used 20 total samples collected from 10 

porcine specimens over three months. Variables; such as age, gender, and location, may have an 

effect on the mechanical properties of the skin.99 Therefore, the specimens in this study are all 

females between 1 and 2 years old. The main factor considered is the pressure level at which the 

STSG0 is stimulated at four levels; 2, 3, 4, and 5, psi. Figure 5.1 depicts the design of 

experiments including the factor (pressure) and its levels as well as the results examined. 

Samples are stimulated every 6 hours to the appropriate pressure level for 72 hours, with media 

changes every 12 hours, in a closed incubator at 35oC. Two expansion devices were used, and 

samples were randomly assigned to each device. The protocol for the design of experiments is 

shown in the expanded IDEF0 model, Figure 4.13. This model defines each step of the process 

from collection of STSG0 to the final testing of the corresponding STSGF. Each node represents 

a stage in the process beginning with the collection of the STSG0 in node A1. This is completed 

using the same method described in Section 4.1.3 Tissue collection, storage and maintenance. In 

summary the STSG0 is collected, using an electric Padgett dermatome, from the back of the 

animal. The animal is either laying on the ground or suspended from the ceiling during collection 

depending on the collection situation. The raw STSG0 sample is then placed in a secure sterile 

storage cup submerged in PBS solution and transported back to the lab. Once in the lab the 

STSG0 is examined for quality, node A2. In examining the tissue it is important to look for 

express thinning in an area as this can lead to premature tearing during mechanical stimulation. 

Therefore, samples with obvious ridges and valleys and holes are not used in the study. The 
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samples are then cut into a circle 7 cm in diameter, and scanned using the FaroArm®, a laser 

scanning device by FARO Technologies. Following initial processing of the STSG0, the sample 

is assembled into the device (A3) and loaded every 6 hours to the appropriate pressure point for 

72 hours. If a sample ruptures before reaching the assigned pressure level, or before stimulation 

for 48 hours, the sample is rejected from the results of the study. In this case four samples were 

rejected, leaving 16 samples in the study, Figure 5.2. The tissue is finally unloaded (A4) and is 

now the expanded STSGF. The samples are then imaged and dissected for final testing of surface 

area, thickness (scan), tensile properties, and collagen density. For this work the STSGFs are not 

transplanted back onto the patient so most of the tests are destructive in nature. 

 

Factor

Pressure

Levels
(16 Samples)

2 psi

3 psi

4 psi

5 psi

Responses

Surface Area

Thickness

UTS

MOE

Max. Load

Collagen Density

LIVE/DEAD®

Figure 5. 1: Design of Experiments  
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20 Samples 

4 Rejected due 
to early failure 

16 Samples 

4 @ 2 psi 

4 @ 3 psi 

4 @ 4 psi 

4 @ 5psi 

Figure 5. 2: Samples accepted/rejected from the study. 
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5.2.1. Methods: Surface Area 

 

For this study, the expanded surface area of all samples prior to stimulation are the same 

size, 19.635 cm2. Although the harvested sample is larger than the area, this is the size of the 

inner circle of tissue fixturing ring, Figure 5.3 B, and this limits the area where the sample is 

strained during testing. After loading, the surface area of the STSGF is measured via digital 

imaging (ImageJ, an image capture software provided by the NIH). The STSGF is laid in a petri 

dish and marks are drawn with a tissue marker to indicate the inner circumference of the tissue 

which can be seen on the image. Due to the permanent changes to the structures of the skin 

grafts, the tissues do not lay flat. Instead, they typically have a dome shape due to permanent 

deformation, as shown in Figure 5.4 A. To measure the surface area of the final tissue, slits are 

made on the outside of the sample to allow them to spread out. The images are then analyzed in 

ImageJ for surface area. First a scale bar is drawn using the ruler in the image. Next, a circle is 

drawn to best fit the marks on the tissue of the expanded area, Figure 5.4 B. This is repeated 

three times and the mean of the three surface area measurements is used for data analysis. To 

account for tears or slits in the tissue freeform shapes are drawn with the same scale and the 

mean of three measures is subtracted from the mean surface area, as seen in Figure 5.4 C. This is 

considered the final surface area measure. In extreme cases of tearing, like Sample 9 shown in 

Figure 5.4 D, samples were able to remain in the study due to this method of surface area 

measurement.  

 

 

 

 

  

Figure 5. 3: A) Whole tissue section. B) Tissue fixturing ring laid over top STSG0. Notice the 

inner circle is the tissue that will be exposed to the load. 

B 
A 
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5.2.2 Methods: Thickness 

Thickness of tissues are typically measured with calipers, but this generally results is 

false readings due to the viscosity of the tissue. Therefore, to characterize the thickness of each 

STSG0 and STSGF, 3D renderings of the skin samples are developed via scans from the Faro 

Arm® (laser scanning device by FARO Technologies), Figure 5.5. The Faro Arm® is an ideal 

contact/non-contact portable measurement system that outputs accurate thickness measurements 

for materials like skin. The scanned object is first collected as a point cloud representative of the 

surface and then converted to a computer rendering of the tissue in Geomagic Qualify. To ensure 

accurate thickness measurements, the grand mean of 10 scans for each sample is used as the 

thickness of the tissue. Because the Faro Arm® uses a laser (light source) outliers in the data are 

present due to light interference. Therefore, points that are negative are considered below the 

base plane and are excluded from the data set. Due to the change in shape, the scanned sections 

of the STSG0s and STSGFs for each sample are not the same size. STSG0s are the original size 

(circle with 7cm diameter). STSGFs are parts of the sample cut (rectangle of 7 cm by 3 cm).  

Figure 5.5 shows a representative 2D graphic of the steps of this process to obtain the tissue 

sections required for testing. 

 

A D C B 

Figure 5. 4: A) STSGF before altering to lay flat, notice the dome shape. B) STSGF in ImageJ 

with circle drawn to best-fit marks on tissue. C) STSGF in ImageJ with free from shape drawn for 

best fit of slits created to lay flat. D) Extreme case of tearing, but sill included in the study, 

Sample 9. 
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Figure 5. 5: STSGF in process of laser scan. 

Figure 5. 6: A) STSG0 just before loading. This is the size scanned to determine the thickness 

of the tissue before stimulation. B) STSGF just after stimulation. The solid inner circle 

represents the part of the tissue that is actually stimulated and therefore the initial surface area 

measurement. The textured outer circle is the skin underneath the tissue fixturing ring. C) 

STSGF post processing for surface area after stimulation. The rectangle shows the part of the 

tissue that would be removed for thickness, and tensile measurements. D) Final section of 

tissue used for thickness and tensile testing. 
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5.2.3. Methods: Tensile Strength 

There is extensive literature regarding tensile strengths of human and rat skin, however 

there is very little regarding porcine skin as it relates to skin procurement for burn mitigation or 

diseased skin repair.89,100,101 Furthermore, when tensile testing pig skin the tissues are full 

thickness and about 2mm thick.102 However, relevant to this work STSGs are never more than 

0.5 mm thick and therefore require testing to determine ultimate tensile strength (UTS) and 

modulus of elasticity (MOE) which will be different than that of its full thickness counterpart. 

The goal of the tensile test was to analyze if there are uniformities in the tissue related to the 

measures of tensile strength or the elastic modulus. 

The tensile testing was completed using the Instron ATS Universal Testing System, 

shown in Figure 5.7. The testing method used in this work follows a similar protocol to a study 

performed by Griffin et. al. studying soft tissue tensile strengths.89 First a pre-test expands the 

tissue at a rate of 10 mm/min to a maximum of 1N. This pre-test allows the skin to get taut in the 

device without putting significant loads on the sample. Following the pre-test, the tissue is held 

for 60 seconds to restore part of the tissues natural resting tension. Then the tissue is cycled five 

times, with 60 second intermittence, to 20 N, but never letting the load on the tissue fall below 

10 N. This cycle preconditions the sample for testing the tissue to failure. It is reported that 29.42 

N is the preconditioning limit for full thickness tissue.89 However, since the samples used for this 

study are split thickness and therefore much thinner, 20 N is used as the maximum load limit to 

avoid failure during the conditioning phase. Next, the first ramp phase to 30 N determines the 

elastic region of the STSGF. The final ramp to 100N tests the sample to failure. 

B C A 

Figure 5. 7: A) Sample tissue loaded into ATS tensile tester. B) Sample during testing before 

failure. C) Sample after failure 
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The UTS is the maximum engineering stress calculated by Eq. 1 and normalized by the 

cross-sectional area (A0). The width is a known, 3cm for every sample (Figure 5.6 D), and the 

thickness is a known measurement from the grand mean of the 10 scans. The elastic modulus is 

the estimated slope of the elastic region of the skin. Therefore, the elastic modulus is calculated 

by finding the slope of the engineering stress (Eq.1) and engineering strain (Eq. 2) curve during 

the first ramp phase to 30N. 

𝜎 =
𝑃

𝐴0
   ……….  Eq. 1     

𝜀 =  
𝛿

𝐿0
   ……….  Eq. 2    

 

 

5.2.4. Methods: Collagen Density 

Collagen density is often correlated to strength and/or health of tissue.103 In this case 

collagen density is used as a biologic measure to determine if the tissue is “growing” or 

“expanding” during the mechanical stimulation. Therefore, a SircolTM soluble collagen assay was 

conducted on all STSG0s and STSGFs to determine if there is a significant change in the amount 

of collagen in the sample due to mechanical stimulation. The detailed steps of this assay can be 

found in the online manual; however, a short summary of the steps follows. The tissue is first cut 

into very small pieces and weighed. The sample is then dissolved in an acetic acid pepsin 

solution for 48 hours. The samples then receive 2 days of treatment to concentrate the collagen 

into a pellet and then out again into a solution. The collagen density is then measured via a 

spectrometer and compared to collagen standards provided by the assay. The collagen density is 

reported in percent µg of collagen per mg of wet tissue. 

 

5.2.5. Methods: LIVE/DEAD® Assay 

The LIVE/DEAD® Viability/Cytotoxicity Kit *for mammalian cells*by ThermoFisher is 

used for this work to determine cellular viability on both the epidermal and dermal side of the 

STSG at any point in the process. The assay is typically used directly on cell lines, however 

preliminary tests on STSGs proved sufficient. The manual can be found on the ThermoFisher 

Eq. 1: σ: engineering stress, P = load, A0 = cross-sectional area of STSGF 

Eq. 2: ε: engineering strain, δ = total change in length, L0 = initial distance between gauges 
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website but is summarized here.104 Samples from all stages in the process were assayed 

including, just hours after collection, just after thickness scans, and just after loading. The assay 

uses two parts; Calcein AM (5 µL) and Ethidium homodimer-1(20 µL) in 10 mL phosphate 

buffered solution. The stain identifies intracellular esterase activity and plasma membrane 

integrity of cells. Samples of about 4 mm x 4 mm are submerged in the assay for 30 minutes at 

room temperature avoiding light. The samples are then placed onto glass slides and imaged using 

a florescent light microscope. Live cell nuclei are visible in green light and dead cells are visible 

in red light. 

 

5.4.6. Methods: SEM Imaging 

SEM samples were fixed following basic fixation protocol and the maceration Ohtani 

technique. The maceration step allows for better visualization of collagen. Since collagen is the 

main structure of concern in the dermis, it is necessary to see how its structure changes due to 

mechanical stimulation.105 The maceration procedure for this work was adapted from Ohanti et 

al., and Sangiorgi et al., using the Ohanti maceration technique.105,106 This step can be thought of 

as removing the cell layers from the epidermis as shown in Figure 5.8.107 The samples were cut 

into 4 mm x 4 mm pieces and immediately placed in 3% glutaraldehyde in 0.1M PBS, pH 7.4 

and stored at 4oC until processed.  The maceration procedure included wash in dH2O and 

immersed in 1N NaOH for 4 days at room temperature. The samples were then immersed in 

room temperature dH2O for 4 days followed by a treatment of 1% tannic acid for 1 hour. The 

final maceration step included two more dH2O washes. The samples were then fixed following a 

typical soft tissue protocol. Beginning with 3 washes in 0.1M NaPO4 pH7.4 at 4oC. Samples 

were then post fixed in 1% osmium tetroxide in 0.1M NaPO4 for 1 hour at 4oC in the dark. 

Samples were then washed in 0.1M NaPO4 three times at 4oC and dehydrated from 30% EtOH to 

100%. Samples were then critically point dried, and sputter coated with gold/palladium, mounted 

on stubs with silver paint, and stored in a desiccator until imaged in a JEOL 5900LV at 20kV. A 

more detailed protocol of the fixation process can be found in Appendix B. 
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5.3. Results 

All STSG0s were gradually increased to their assigned pressure levels. Specifically, all 

STSG0s were initially stimulated to 0.5 psi and increased by 0.5 psi every 6 hours until the 

desired maximum pressure level was reached. The pressure for each time point was recorded just 

before each increase to determine if the STSG was relaxing between pressure pushes. All 

samples were increased to their respective pressure level for 30 seconds every 6 hours for 3 days. 

The media was changed every 12 hours. A total of 20 samples were used in this study, however 

samples 7, 8, 15, and 16, were excluded from most of the results due to failure either before 

reaching their assigned pressure level or within the first 48 hours of stimulation. The pressure 

level assigned to the rejected samples were 5, 5, 2, and 4 (psi) respectively. Figure 5.9 shows the 

plotted data with respect to pressure and time of each pressure group. The 4 response variables 

considered are: surface area, thickness, tensile strength (UTS and elastic modulus), and collagen 

density. A summary of these 4 response variables is shown in Table 5.1. This section reports the 

results only, and the following section will make inferences on these results. 

 

 

Figure 5. 8: Graphical representation of maceration removal. 111 
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Figure 5. 9: Line graphs of each sample during mechanical stimulation grouped by pressure. 
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5.3.1. Results: Surface Area. 

Surface area is represented by the change in surface area since all of the samples begin at 

the same size. Figure 5.10 depicts the change in surface area of each sample grouped by 

pressure. All samples were increased to their respective pressure level for 30 seconds every 6 

hours for 3 days. A one-way ANOVA is calculated for the change in surface area based on 

pressure level. The JMP Pro 13 results are shown in Figure 5.11A. The resulting p-value is 

0.4342. The residuals of the data are computed and plotted for normality, Figure 5.11B. A 

Tukey’s post –hoc test was completed to check for significance between pressure levels, none of 

the p-values were significant. Finally, a paired t-test is completed grouping the samples by 

STSG0 and STSGF. The resulting p-value is < 0.001.The surface area increases on average 

11.46cm2 or 58% of its original size when exposed to a mechanical load in vitro.  

 

 

 

Table 5. 1: Summary of all response variables grouped by pressure. 
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B A 

Figure 5. 11: A) One-way ANOVA results of surface area increase grouped by pressure with p-

value = 0.4342. B) Plotted residuals of the data to check for normality of the data.  

Figure 5. 10: Bar graph of the increase in surface area for each sample grouped by pressure 

level. The error bars are the standard error for each group. 
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5.3.2. Results: Thickness 

The grand mean thicknesses of both the STSG0s and STSGFs are shown in Figure 5.12. 

The average thickness of STSG0s is 0.222 mm and the average thickness of STSGFs is 0.237 

mm. STSGF 13 and 14 scan data was corrupted. This was not realized until after the samples had 

been disposed of following the experiment. Therefore, for the purposes of data analysis the 

thickness for these samples are assumed to be 0.237 mm. The change in thickness values were 

used as response variables in a one-way ANOVA grouped by pressure. The resulting p-value is 

0.0627, Figure 5.13 A.  The residuals of the data are computed and plotted for normality, Figure 

5.13 B. A follow up Tukeys’s post-hoc test compared each pressure group to each other and 

showed no significnace between groups.  

A paired t-test was completed grouping the samples by STSG0 and STSGF, with a 

resulting p-value of 0.4997. A one-way ANOVA was conducted to determine if initial thickness 

of the sample could be an indication of possible tearing during stimulation, Figure 5.14. The 

resulting p-value without the excluded samples is 0.9846, the p-value including the excluded 

samples (7,8,15,16) is 0.4461. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 12 : Thickness results of all 16 samples used in the study for STSG0ss and STSGEs. 
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Figure 5. 13: A) One-way ANOVA results of the change in thickness of the samples grouped 

by pressure level. B) Plot of residuals to check for normality. 
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B A C 

Figure 5. 14 : A) One-way ANOVA results of STSG0 thickness grouped by tearing response 

with p-value = 0.5209. B) One-way ANOVA results of STSG0 thickness including the samples 

excluded for early failure grouped by tearing response with p-value = 0.4461. C) One-way 

ANOVA results from the differences in thickness of STSG0s and STSGFs with a p-value = 

0.5036 
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5.3.3. Results: Tensile Strength 

The engineering stress and strain curve was plotted for each sample. An example is 

shown in Figure 5.15 for Sample 20. There are three response variables considered when 

analyzing the data from the Intron tensile tests: Ultimate Tensile Strength (UTS), Modulus of 

Elasticity (MOE), and maximum load. Three samples (12, 13, and 17) failed prematurely in the 

tensile test during the conditioning phase. These samples were removed from the MOE results, 

but included in the UTS and maximum load results. A one-way ANOVA was completed for each 

of these measures grouped by pressure level, with resulting p-values of 0.2438, 0.3828, and 

0.2318 respectively. STSG0s tensile tested in a previous study are used in a paired t-test to 

determine differences in UTS, MOE, and maximum load between STSG0s and STSGFs. Paired t-

tests for UTS, MOE, and maximum load (N) were conducted for groups STSG0 and STSGF. The 

resulting p-values were 0.123, 0.138, 0.439 respectively. 

 

 

  

Figure 5. 15: Tensile results of Sample 20. UTS = 12.568, MOE = 59.38, and R2 = 0.9979 of the 

MOE line of best fit. 
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5.3.4. Results: Collagen Density 

The collagen density results from the Sircol® Assay are reported in µg/mg wet weight. 

First, a one-way ANOVA was conducted to determine statistical significance between each 

STSG0 and STSGF group as two test pieces from each sample were assayed. The resulting p-

values were 0.4744 and 0.3553. Since the p-values of both of these tests are greater than 0.05 the 

average value of the two measures for each sample will be used in the next statistical tests. These 

averages are shown below in Table 5.2 and represented in Figure 5.16. Sample 1, 2, 3, and 4 

were first embedded in paraffin due to an original plan to use a picrosirius red stain.108 However, 

that method did not work and these samples had to be reversed and re-melted to remove as much 

paraffin wax as possible. This could explain why the collagen density of these samples were so 

much lower. A one-way ANOVA was conducted on the STSGF group based on the pressure 

point during mechanical stimulation. The p-value was 0.4534. Finally, a paired t-test was 

conducted on both STSG0 and STSGF to test for a significant difference in collagen density due 

to mechanical stimulation. The resulting p-value is 0.8717.  



   

86 

 

 

Table 5. 2: Collagen density of STSG0 and STSGE in µg/mg wet weight. 

Figure 5. 16:  Collagen density of STSG0s and STSGF in µg/mg wet weight. 
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5.3.5. Results: LIVE/DEAD ® Assay 

Samples from all stages imaged, showed more than 90% dead cells. Only cells under red 

light were visible, however this could be due to an inefficient protocol which would require 

optimization for whole tissues in the future. Figure 5.17 A and C are image captures of dead cells 

in the tissue. Cells in the skin are often found in clusters which can be seen here. Figure 5.17 B 

and D are image captures under green light, which should stain live cells if there are living cells, 

or if the dye proportions are optimized for the tissue. Even though samples from all stages of the 

process were stained only a sampling of images are shown here, as they all had very similar 

results.  

 

 

 

A B 

C D 

Figure 5. 17: A) Image of dead cells B) Image of live cells C) Image of dead cell cluster D) 

Image of live cells 
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5.3.6. Results: SEM Imaging 

SEM images of 2 STSG0s and 2 STSGFs were imaged for this work. A progression of 

magnification is shown in Figure 5.18 depicting the visual difference in the dermal side of the 

STSGs. SEM images of higher resolution were captured to show the difference in collagen 

bundles of STSGs, Figure 5.19. Images of the epidermal side of the STSGs are shown in Figure 

5.20. Figure 5.21 depicts human collagen at a magnification of 10,000x to the porcine collagen 

imaged in this work. 
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Figure 5. 18: Progression in magnification of SEM images of STSG0 and STSGF 
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Figure 5. 19: Higher magnification on the dermal side of STSGs. Depicting difference in 

collagen bundles of STSGs after mechanical stimulation. 
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Figure 5. 20: SEM of epidermal side of the epidermis of macerated STSGs. 

Figure 5. 21: (Left) SEM of human collagen.111 (Right) SEM image of collagen in porcine 

STSG0. 
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5.4. Discussion  

One of the original hypotheses stated that the tissue should relax during the 6 hours 

between pushes due to the state of tension skin cells prefer.42 However, there is no obvious 

evidence of STSG0s relaxing in the system when considering the pressure in the system 

compared to time, Figure 5.9. All of the samples in the 2 psi pressure group never even relaxed 

below 1psi. Therefore, this is an indication that the cells of the dermis may not be behaving the 

way they were hypothesized to do so in vivo.76 While some samples do appear to “relax” like 

samples 9, 10, 11, and 14, this is actually the result of tearing during stimulation. Sample 4 

experienced a computer malfunction. Also, it should be noted that sample 4 experienced a 

computer malfunction.  

Each of the four major response variables are discussed below. However, it is of interest 

to determine if there is a predictor to indicate if a STSG0 is likely to tear. The two predictors 

tested are pressure level during stimulation and thickness of the collected STSG0. The first one-

way ANOVA was conducted to determine if a specific pressure level is an indicator for failure 

during orbicular mechanical stimulation since at least one sample tore in each group. This test 

included the four samples excluded from the other results since they are considered tears during 

stimulation. While higher pressure levels did have greater percentage of samples tear, Table 5.3, 

the resulting p-value of 0.294 indicates there is no statistical evidence that the maximum pressure 

could be an indicator for a potential tear. Tears during mechanical stimulation do not always 

render the STSG useless in the study. Samples 7, 8, 15, and 16 were excluded from the results of 

this study due to extreme early failure (during the first 48 hours). These samples did not show 

any noticeable failure points during assembly; however, each of the sample’s thickness was 

below that of the average of the set of STSG0s. Sample 16 was the thinnest STSG0 scanned for 

this study. Again, the p-value of 0.2176, Figure 5.15B, indicates there is no statistical evidence 

that initial thickness of the sample is a predictor for tearing but trends in the data show that 

thinner samples tend to tear more often than the thicker samples. Since biological tissues are 

variable by nature, there are unknown weak points in the tissue, and therefore prove hard to 

predict. This indicates that the tearing could be due to the “harvesting process” variability rather 

than mechanical stimulations studied in this research. 
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5.4.1. Discussion: Surface Area 

The surface area of the STSGFs were all larger than their STSG0 counterpart. Once again, 

it was hypothesized that the pressure applied during stimulation would significantly affect the 

percent skin expansion. The one-way ANOVA, tested for significant differences between the 

pressure groups, Figure 5.11A resulted in a p-value of 0.4342. This signifies that the null 

hypothesis cannot be rejected; and therefore, the means of each group are equal. The residuals of 

the data were plotted and show a linear correlation, therefore confirming the assumption that the 

means are equal, Figure 5.11B. The original hypothesis of this work is rejected, as the pressure 

level applied to the STSG0s during stimulation does not have a significant effect on the amount 

of skin procurement. This means that STSG0s exposed to a maximum pressure of 2 psi will 

probably have the same change in surface area as those exposed to 5 psi. Therefore, if the main 

objective of exposing the STSG0 to mechanical stimulation is skin procurement, one should use a 

pressure of 2 psi as that reduces the chance of tearing the tissue early during stimulation. Since 

the groups are not statistically different the data was instead divided into groups of STSG0 and 

STSGF. When these two groups were compared in a paired t-test, a p-value < 0.0001 indicates 

there could be statistical difference. Meaning that the STSGFs are probably larger than the 

STSG0s. The surface area increased ranged from 35% to 118% with an average increase of 58%. 

This is an area that would benefit from additional testing. 

 

5.4.2. Discussion: Thickness 

Thickness measurements of each sample are represented by the grand mean of 10 scans 

of each sample. Both the STSG0s and STSGFs were t-tested for a hypothesized mean of 0.25 

Table 5. 3: Percent of samples that tore at each pressure point. 
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mm. They both resulted in p-values > 0.05, meaning that the thickness of a sample cannot be 

assumed equal and must be measured each time. However, the t-test did reveal that STSG0s may 

be assumed to be thinner than 0.25 mm as the Prob < t value was 0.0343 at a 95% confidence 

level. This is in agreement with previous work conducted on 20 STSG0s in another study which 

used the same thickness and tensile testing protocols. The thickness of the samples proved to 

have statistically different means between different specimens. Therefore, although each STSG0 

is collected with the same dermatome setting, this is not a reliable indication of thickness.  

The change in thickness between STSG0s and STSGFs is greater than 0. Meaning that 

there is always a change in thickness, however, there is no statistical reasoning if it will increase 

or decrease.  The one-way ANOVA proved that once again pressure maximum has no statistical 

effect on the change in thickness of the tissue. Again, it appears that the results from the “Tissue 

Harvest Process”, i.e., variability in tissue thickness, influenced the Response Variables rather 

than the mechanical stimulation studied in this research.  

 

5.4.3. Discussion: Tensile Strength 

Tensile testing of materials is usually used to create predictive models of material 

performance and failures. In human and animal tissue the mechanical properties are necessary 

for research and improvement on surgical methods or engineering tissues.109 In this work tensile 

testing is used as a means to establish material properties of the STSGs both before (STSG0) and 

Table 5. 4: Table recreated from Gallagher et al. comparing results of tensile testing in this study 

to a sampling of other literature. 100 
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after (STSGF) stimulation to detect possible changes in the tissue. When skin is reportedly tensile 

tested in literature, the samples are full thickness (including the entire dermis) and the test is 

completed within hours of collection. In contrast to this research, the STSGs are thinner by more 

than 1.5 mm and while the STSG0s in the preliminary studies were tested within hours of 

collection, STSGFs are not tested until days after collection. Therefore, it is expected that the 

tensile properties of the STSGs be close to but not the same as the full thickness samples 

reported in literature, Table 5.4.109 

In this study, pressure level had no statistically significant effect on UTS, MOE, or 

maximum loads for the STSGFs. The resulting p-values from the one-way ANOVAs are 0.2438, 

0.3828, and 0.2318 respectively. Since the data from each pressure group is assumed to have 

equal means the results from this study were compared to samples from a preliminary study of 

STSG0s in which the same tensile testing method was used. The p-values were 0.0930, 0.1349, 

0.4733 for UTS, MOE, and maximum load respectively. Therefore, there is no claim that the 

material properties are significantly different due to mechanical stimulation. Although there is no 

statistical evidence of the STSGFs being stronger than the STSG0s, there is no evidence of the 

opposite either. Therefore, although the tissue is increasing in surface area the mechanical 

properties are not statistically changing. 

Although the original intention of this testing was to detect changes in the mechanical 

properties due to stimulation, it is crucial to establish the tensile properties of porcine STSGs in 

general. Table 5.3 is a recreated table from literature comparing different methods and results of 

the reported tensile properties of porcine skin. Notice there is a large range in UTS and MOE 

reported due to the significant effects of strain rates, Langer’s lines, and collection location. 

There were no studies found regarding tensile testing for the mechanical properties of porcine 

STSGs except for the preliminary studies mentioned earlier. The results from this study do fall 

within the limits of other porcine tissues tested. However, it should be noticed how close these 

results are to the human skin results from Gallagher et al.109 Figure 5.22A is a typical 

respresentation of a stress strain curve of skin. Notice how this is smilar to behavior of the 

STSGF in the first phase of tensile testing before conditioning (red circle). Figure 5.22B is a 

representive graph of full thickness human skin (after condiontinong phase), notice how the 

curve is similar to the final ramp phase of the STSGF. Therefore, the STSGF can mimic both of 

these mechanical properties.  
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5.4.4. Discussion: Collagen Density 

Collagen density was chosen as a biological property of importance, because it is 

hypothesized from literature that if the skin is alive and “growing” during mechanical 

stimulation then there could be increased collagen content due to the activity of fibroblasts. 

However, when the collagen density of STSG0s and STSGFs were compared in a paired t-test 

there was no statistical significance with p-value = 0.4534. Meaning there is no significant 

change in collagen density due to mechanical stimulation. This is yet again another clue that the 

skin may be “stretching” rather than “growing” in this in vitro scenario. STSGFs were also 

separated by pressure groups to test for significant differences based on pressure applied during 

stimulation. Once again, pressure had no effect on the outcome of the collagen densities of the 

STSGFs. Although there is no statistical evidence regarding the change in collagen content, the 

Figure 5. 22: A) Stress – strain curve of skin proving a non-linear stress-strain relationship.99 

B) Stress strain curve of full thickness human skin after conditioning.99 C) Stress train curve 

from Sample 20 in this study. 
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samples were only stimulated for three days. Collagen is continuously forming in tissue but often 

significant collagen formation is not detected until 4 to 7 days. 110 

 

5.4.5. Discussion: LIVE/DEAD® and SEM  

The LIVE/DEAD® assay showed red cells indicating that only dead cells were present in 

the STSGs of the work. This could be an indication that the tissue was not experiencing the level 

of cellular viability originally hypothesized in the preliminary work or a problem in the assay 

protocol for this type of tissue. Each step in in the process of mechanical stimulation was 

examined with the assay from collection to post stimulation and all samples imaged the same. 

Future samples should be transported in saline soaked gauze and an optimized method should be 

used for viability testing. Samples were typically stored for about three hours during 

transportation back to the testing facility. The minimal amount of observed cellular activity could 

also be evidence that the cellular activity of skin grafts isn’t as high as previously suggested. 

Minimal cellular activity is not necessarily a negative find since the tissues still experienced 

permanent surface area increase and no significant decreases in other mechanical properties were 

observed. Although this infers that the STSGFs in this work are not “alive”, they are still viable 

options for skin procurement/transplantation and would be ready for reattachment. As the 

microstructures of the STSGs still remain intact based on the SEM images, epithelization is 

thought to be rapid. Several literature results suggested that storing skin grafts in RPMI resulted 

in higher metabolic activity, so future experiments should consider spending resources to 

transport STSG0s back to the lab in RPMI instead of PBS.97,111 

Collagen is best imaged in SEM when tissue is processed using the Ohtani method.105 

SEM was used to image collagen structures on the dermal side of the tissue since the dermal side 

most likely experiences the greatest mechanical force as it is the outside of the orbicular shape 

during in vitro stimulation. The STSGFs imaged provided insight to the untangling and 

unwinding of collagen bundles. However, other collagen bundles in the same samples appear to 

be stretched to what looks like their maximum length. This change in micro structure of the 

tissue could be the explanation to how the skin increases its surface area during mechanical 

stimulation. Finally, SEM images were compared to other SEM images of human skin that were 

fixed in the same manor, proving the similarities between pig STSGs and human STSGs. 
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 The microscopy performed as part of this research provided insight to the mechanical 

organization of the tissue. SEM images of the dermal side of the four STSGs imaged show 

minimal difference in the microstructures of the collagen bundles at low magnification. 

However, as the samples are inspected upon higher magnification changes in the structures of 

collagen bundles becomes more evident, Figure 5.18. In these samples, the STSG0s appear to 

have tightly bound collagen bundles while STSGFs seem to have looser collagen bundles. These 

bundles appear more like waves rather than tightly bound braids.  This observed change in 

collagen bundles could be the result of the mechanical stimulation. Meaning the collagen bundles 

begin to unwind and stretch out to accommodate for the loads at which they are experiencing. At 

even higher magnification, greater than 1000x (shown in Figure 5.19), the unwinding of the 

collagen is more prominent. However, it seems the sample can only stretch as far as its shortest 

bundle based on the observed bundles, which appear to be stretch to their fullest. These bundles 

are assumed to have loosened early in the process and aligned with other strands in their bundle, 

and then pulled to their straightest (longest) length. In which case the collagen present in the 

STSGs may only be expanded as far as its shortest bundle. 

This work suggests that split thickness skin grafts from the same species have a 

maximum expansion potential based on the original surface area. In the case of porcine STSGs 

with a diameter of 5 cm it is on average 58%, ranging from 35% to 118%. In another study by 

Ladd et al., human foreskin was stretched to 110.7% + 12.2% and collagen structures were SEM 

imaged and shown to align with one another.3 However in this study, this was not apparent. This 

is most likely the result of orbicular loading rather than biaxial or uniaxial loading. Prim et al., 

used a similar method of uniaxial loading of porcine STSGs under very low pressures and 

showed a range in 31% and -3% in surface area expansion.93 These samples were surgically 

placed back onto a full thickness pig wound with 100% take rate. 

 Since the maceration step is completed during the fixation process the epidermal side of 

the dermis is very clear in the SEM images, Figure 5.20. The epidermal side of the dermis did 

not visually change during stimulation. The epidermis is down in the loading device against the 

latex membrane; and therefore, does not experience tension the same way as the dermal side. 

However, this is a positive result for transplantation as the epidermal side would be reattached 

face up. Little to no visual changes in microstructure could mean easy integration back into the 

body and less chance of scarring.  
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 Figure 5.21 depicts human collagen in comparison to porcine collagen structures of 

STSG0s in this work.112 The bundles look very similar, which is further evidence for why porcine 

skin is used as xenografts in practice for burn wound coverage. The similarities in collagen 

structures also suggest that human STSGs could possibly behave in a similar manor as their 

porcine counter parts did in this study. Also noted, is the presence of bacteria in the STSGFs. 

Although the mechanical stimulation was completed in a closed incubator, the incubator was 

opened every 12 hours to change the media and is located in an open lab space (not a sterile 

environment). Therefore, the presence of bacteria is not unexpected. Figure 5.23 shows images 

from literature (left) of human skin infected with Pseudomonas aeruginosa, and an image (right) 

of the pig STSGF imaged for this work.113 Based on image comparison the bacteria could be P. 

aeruginosa since the images appear similar, and it is a common gram-negative bacterium. 

However, P. aeruginosa is often resistant to antibiotics and any future studies which aim to 

“deliver” the graft back to the patient should complete the experiments in a sterile environment 

to avoid the growth of bacteria which would lead to infection and rejection of the graft.114 

 Although there were not obvious signs of viability the SEM images do suggest that the 

STSGs are reorganizing in response to the mechanical stimulation. However, there appears to be 

a finite limit to which the STSG0s can expand which is dependent upon the shortest collagen 

bundles in the skin graft. Therefore, mechanically stimulating STSGs in vitro can expand the size 

of the graft, and if stored and stimulated in a sterile environment could possess the 

microstructure to reintegrate with the body for the purpose of wound coverage and healing.  
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5.5. Conclusions 

The original hypothesis stated that pressure level would have an effect on the amount of 

change in material properties of the STSGs. However, the data from this study does not suggest 

this to be true (rejected for all response variables tested). Even though there was a significant 

effect on surface area due to mechanical stimulation, i.e., the surface area of the tissue specimens 

increased significantly, there was no evidence that pressure levels between 2 and 5 psi have an 

effect on the percent increase of surface area. 

Since there was no statistical evidence that pressure level had an effect on the outcomes, 

correlations of the response variables of STSGFs were assessed for possible trends in the data 

that could provide insight into how mechanical stimulation affects these properties of STSGs, 

Figure 5.24. Strong positive correlations between UTS and MOE were observed, blue box. This 

is an indication the samples with higher UTS also have a higher MOE. Furthermore, there are 

mild negative correlations between; surface area and MOE, surface area and UTS, thickness and 

MOE, and thickness and UTS, orange boxes. These correlations do not provide enough evidence 

to draw any statistical conclusions but do provide insights for future studies. For example, the 

Figure 5. 23: (c and e) are images of human skin infected by P. aeruginosa. 113 (Right) SEM 

image of the STSGF with what looks like the same kind of bacteria. 
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negative correlation of surface area and thickness to UTS and MOE of STSGFs could have 

impacts on determining the actual state of the tissue before “delivery” back to the patient. 

Meaning that larger thinner pieces of tissue could have lower ultimate tensile strengths and 

modulus of elasticity. Therefore, the sample should be handled with extreme caution and allow a 

longer healing period. 

Figure 5.24:  Blue box: Strong positive correlation between UTS and MOE. Orange Box: 

Mild negative correlation between Final Thickness and UTS, Final Thickness and MOE, 

UTS and Surface Area, and Surface Area and MOE.   
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The STSGs of both this study and the preliminary work showed that the thickness of each 

sample is highly variable. Samples collected for this work and preliminary work followed the 

protocol in the IDEF0 model, Figure 4.13. This is further evidence that the collection device 

itself needs improvement to produce uniform thickness among STSGs. Surgeons in the field 

often refer to dermatoming as a work of art rather than a reproducible surgical method. Future 

work into developing a better collection method which provides even pressure and angles during 

collection could further improve the uniformity of STSGs. 

In this work the percent of skin enlargement relative to the pressure level suggests the 

final expanded tissue is not affected by the pressure levels between 2 and 5 psi. This combined 

with the SEM images both before and after expansion, suggests that there is a maximum amount 

of skin procurement from each STSG0. Based on the observations of LIVE/DEAD® and collagen 

density testing, STSGs are suggested to be “expanding” rather than “growing.” To further 

investigate the possibilities of skin expansion by mechanical stimulation in vitro, future work 

should focus on direct effects of expansion time on surface area increase. This work should 

stimulate the tissue at time intervals less than 72 hours, to determine if the full 72 hours is 

needed to achieve the 58% surface area increase. Since there is evidence in literature that porcine 

skin behaves very similar to human skin, porcine skin is appropriate for future studies. This will 

alleviate sample collection problems if a steady source of porcine skin is available.  

 

  

 

 

  



   

103 

 

CHAPTER 6 

Adaptive Control for Monitoring Tissue during Mechanical Stimulation In Vitro 

Split thickness skin grafts (STSGs) expand under mechanical stimulation in this study as 

well as others.3,93 The results are promising for the advancement of skin procurement methods 

for wounds such as burns and chronic leg ulcers. However, one of the largest unknowns is the 

status of the STSGs during loading in vitro. Therefore, an adaptive control unit was developed to 

monitor the tissue in situ for tear predictors and ruptures unnoticed by observation. This method 

uses light intensity shown through the tissue to detect thinning. The adaptive control method 

used in this thesis has the potential to eliminate tearing of the tissue during the mechanical 

stimulation. Tissue rupture can be detected using converted binary images, and then reducing the 

expansion pressure when images showed signs of rupture. Future upgrades of the hardware used 

in the system could provide better predictions of thinning of tissues during in vitro mechanical 

stimulation. 

 

6.1. Background and Preliminary Results 

 Exposing tissues to mechanical loads in vitro proves difficult, since most biological 

specimens are fragile especially in a laboratory setting. Therefore, when stimulating tissues such 

as heart, ligament, and skin mechanical strain should be applied accordingly.30,31,39 However, 

without trial and error the “perfect” strain (maximum) and strain rate is hard to achieve. 

Therefore, an adaptive control system was designed to provide real time feedback of the 

condition of the tissue in the device by monitoring light transmission using the pixel light 

intensity through the tissue during loading. It is hypothesized that if the tissue is alive and 

biologically changing then the tissue should thin before rupture, effectively allowing more light 

through. Even if the tissues are not alive, but rather restructuring, the tissues need to be forced to 

the point just before failure to induce the greatest light transmission responses. In order to reach 

these loads, adaptive control can be implemented such that the tissue thickness is monitored 

during loading and loads can be adjusted during processing.  

Light mounted underneath the device during loading is evaluated for a change in pixel 

intensity greater than a set threshold. If the tissue begins to fail or locally thin, the change in light 

emission should alert the operator to stop loading and allow the tissue to relax.  
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For preliminary experiments a smart led light source which offers 4 color options; white, 

red, green, and blue was used to determine the most effective light for monitoring tissue. Since 

color emits different wavelengths of light, tissue in return absorbs each color at a different rate, 

See Figure 6.1.115 Since skin has proven to absorb different colors of light at different rates, split 

thickness porcine skin was placed flat on an acrylic sheet 3 inches above the light source to 

determine the appropriate light color for the adaptive control unit. The same tissue sample was 

captured in white, red, green, and blue light, as shown in Figure 6.2. To determine pixel 

intensities of the images, a script converts the images to grey scale (0-255) and then reports the 

average and maximum pixel intensities of a selected area. This is completed 10 times on each 

image of every sample (10 white, 10 red, 10 green, and 10 blue). This rendered 40 average pixel 

intensities for each sample. The average of each color was used in statistical analysis. 

The difference in pixel intensities emitted through the tissue suggested significant 

difference between light color spectrums via a two-tailed t-test with an α level of 0.05 of the 

average pixel intensities. These p-values are shown in Table 6.1, and the associated box plots are 

shown in Figure 6.3. Pixel intensity is not directional, meaning it could be higher or lower than 

the mean, so a two-tailed t-Test was used to evaluate the statistical significance of the average 

pixel intensity of light emission based on color. Paired t-tests were conducted between samples 

as well as within the same sample. Since each sample was statistically different the data cannot 

be combined to form 20 data points for each light sample. Therefore, each sample is considered a 

different subject and t-tests were conducted between each color combination to test for 

significance. This concluded that white, green, red, and blue light provide statistically different 

pixel intensities emitted through split thickness porcine skin.  
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Figure 6. 1: Depiction of light absorption in skin based on color (wavelength). 115 

Figure 6. 2: Porcine split thickness skin sample used to determine the appropriate light color 

(wavelength) for the adaptive control unit 
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Table 6. 1: Resulting p-values from two tailed t-Tests regarding average pixel intensities of 

grey scale images. 
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These results suggest that color does have a significant impact on wavelength emission 

through split thickness porcine skin. Based on Figure 6.1 from Fodor et al., it was hypothesized 

that red and white light would emit too much light through the tissue to see changes in 

thickness.115 While white light behaved as expected, red light did not. This is probably due to the 

water concentration of the tissue. Water absorbs more red light than green or white therefore, 

less red light is emitted through. The results show that both green and white light remain the 

most consistent between samples according to the box plot, however white light has pixel 

intensities at the top range of the grey scale, which give little room for changes as the tissue is 

mechanically stimulated. Therefore, green light was used for all future experiments. The green 

light provides sufficient amount of light emitted through the tissue but not too much to possibly 

produce false positives indicating a rupture early in loading.  

Sample 1 

Sample 2 

Figure 6. 3: (Left) Box plot for average grey scale pixel intensities of sample pieces based on 

light color. (Right) Boxplot of maximum grey scale pixel intensities of sample pieces based on 

light color. *Note the difference in the Y-axis between plots. 
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Once green light was established as the appropriate light source, an experiment using 

poultry skin was used to determine if change in pixel intensity could determine thinning of tissue 

and ultimately a tear. By monitoring a binary image showing only areas of the image above a 

specific pixel intensity threshold, areas of concern are quickly noticeable. Figure 6.4 shows the 

actual images and the associated binary image for which pixel intensities above 150 are 

displayed for poultry skin. Image 6 shows a sudden increase in pixels above the threshold, this 

image was captured during the rupture, shown in image 7. 

 

 

6.2. Adaptive Control Methods 

The adaptive control unit was developed to monitor tissue, specifically split thickness 

porcine skin during mechanical stimulation in vitro. Figure 6.5 shows the setup of the final 

adaptive control unit including the cameras, loading devices, and light sources. Applying 

constant light to skin will cause the tissue to heat up; and if overheated, the tissue could begin to 

break down. Therefore, fresh media is applied to the tissue every 12 hours to avoid overheating 

the skin samples.115 For the final set of experiments discussed in Chapter 5 the light source is not 

continuous, and therefore is only turned on for image capture. Images were captured every 12 

hours during the media change. The images are then processed to convert to grey scale (0-255) 

and then to a binary image of pixels above a threshold. The binary images are assessed for 

possible thinning or ruptures that may not be apparent in the system. 

1 2 3

 

4
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6

 

7

 

1 2 3 4 5 6 7 

Figure 6. 4: (Top) Actual images captured during loading of poultry. (Bottom) Binary images 

showing pixel intensities greater than 150. 
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6.3. Results 

 All experiments were continued to the desired pressure and time following the design of 

experiments detailed in Chapter 5 regardless of the adaptive control image results. These images 

are used for future work, and not to affect the outcome of the results in Chapter 5. All images 

were processed with a pixel threshold between 140 and 155 depending on the initial image. 

Figure 6.6 depicts the final phase of stimulation of Sample 9 just before rupture. The final 

images and the processed binary results of the grey scaled images of Samples 5 and 17, which 

both ruptured during loading, are shown in Figure 6.7. Samples which did not rupture are not 

shown as there was no visual change in pixel intensity during stimulation. 

  

 

Figure 6. 5: (Left) Graphical representation of the adaptive control unit. (Right) Adaptive 

control integrated with loading devices. 
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Figure 6. 6: Sample 9, the only sample to show an indication of a tear. 



   

111 

 

Figure 6. 7: Sample 5 (left) and Sample 17 (right) imaged just before and just after rupture during mechanical stimulation. 
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6.4. Chapter Discussion and Conclusions 

The adaptive control system developed for orbicular mechanical stimulation in vitro, 

should provide real-time information about the state of the tissue during stimulation. It was 

hypothesized that the tissue would thin before rupture; therefore, higher pixel intensities would 

be an indication of a possible tear in situ. The trends in pixel intensities did not show indications 

of tearing but instead suggest that the tissue microstructure is reorganizing rather than growing. 

Therefore, ruptures are thought to be the result of the shortest collagen bundles reaching their 

maximum length and causing a chain reaction of bundles to tear. This series of events happens 

more rapidly than initially hypothesized resulting in an abrupt tear in the skin during expansion. 

This is seen in Figure 6.7 which shows samples 5 and 17 twelve hours before rupture with no 

indication of a possible failure. The other samples which failed, 1, 3, 10, 11, and 14 also showed 

no indication 12 hours before rupture. Therefore, if the tissue is expressly thinning before 

rupture, the adaptive control unit in place for these experiments was not able to detect it 12 hours 

in advance. However, Sample 9, shown in Figure 6.6, did provide an indication of a tear by the 

large amount of pixels above the set threshold 12 hours before the rupture.  Therefore, this 

sample suggests that this method of adaptive control could provide tear indications. However, 

capturing images more frequently is required to achieve a higher probability of early tear 

indication. A larger sample size would increase the probability of capturing the pixel intensities 

just before a tear. In turn, the tissue may avoid failure. However, more frequent imaging would 

require a system with real time monitoring, high definition capture, and a large memory capacity 

for storage of the images. 

 Further, the adaptive control unit does provide good images of a tear, even a very small 

one, which may go unnoticed during observations when changing the media. If a rupture was 

noticed during stimulation of the samples in Chapter 5 further pushes of the tissue were not 

applied, and if the tissue never reached its intended pressure level it was discarded from the 

results of the study. However, in the case of Sample 11, a tear went undetected and was pushed 

once before the tear was identified, Figure 6.8. However, had the adaptive control images been 

processed during stimulation the tear would have been identified and the final push would not 

have occurred avoiding larger tears in the tissue. 

 The results of the adaptive control unit from the samples expanded in Chapter 5 provide 

more insight to the behavior of dermal tissue under an orbicular mechanical strain. The system is 
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able to identify tears in the tissue, even when extremely small, by converting pixel intensities of 

light shown through the tissue into a binary image.  Identification of tears is important so that 

pressure is not applied to an already “failed” piece of tissue. If pressure is further applied when a 

rupture is present the latex membrane protrudes through the surface of the skin. This creates an 

extra “balloon” on top of tissue. The pressure is then misdirected and can cause further rupture. 

Although only one sample showed early indications of a tear, this is promising. Future 

experiments should capture images more frequently to increase the probability of capture just 

before a tear resulting in early detection, and avoidance of ruptures. The adaptive control 

developed for this work has applications beyond monitoring split thickness skin during 

mechanical stimulation. This method is easily adaptable to any system in which the material 

studied is translucent. Materials can include both synthetic and biological specimens which could 

be very relevant to other skin procurement treatment options for wounds like burns and chronic 

leg ulcers.  

 

 

 

Figure 6. 8: Sample 11, with tear unnoticed (11.9) during observation in which next push 

(11.10) should not have occurred. 
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CHAPTER 7 

Conclusions of Mechanically Stimulating Tissue in vitro 

The human body experiences mechanical stimulation every day. Every breath, cough, 

laugh, sneeze, step, reach, blink, and word spoken creates a mechanical signal in which the 

human body reacts. Each of these mechanical signals triggers a different response so that the 

body can accommodate the stimulant. Therefore, it is important to continue to expose tissues in 

vitro to stimulants which mimic those in the natural world. This research focused on examining 

and quantifying the response of split thickness skin grafts (STSGs) to mechanical stimulations in 

vitro so that knowledge of the responses for different strains and strain rates can be better 

understood.  This knowledge and these relationships are critical for the production and 

enhancement of tissue ex vivo.  Specifically, this work investigated mechanically exercising 

porcine skin tissue to expand skin grafts for the treatment of wounds like burns and chronic leg 

ulcers. 

Burns are so common they affect millions of people worldwide each year. According to 

the World Health Organization an estimated 180,000 deaths occur each year due to burns, and 

mostly in low and middle income countries due to the availability of proper care. In the United 

States approximately 40,000 burn wounds required hospitalization exceeding more than $200 

million in medical costs in 2008.116 Chronic wounds which do not heal within 12 months affect 

an even greater population of about 6.5 million people in the United States alone, resulting in 

more than $25 billion in medical costs each year.118 The treatment of these wounds can range 

from “relaxed” compression therapy, to surgical split thickness skin grafts, where the latter has 

the best results for larger chronic leg ulcers.119 As the number of burns remain constant and the 

prevalence of chronic leg ulcers continues to rise, methods of skin procurement are required for 

treatment. 

Wounds like burns and chronic leg ulcers require treatments of skin procurement or skin 

like substitutes to first heal the wound. Second these treatments should provide minimal scarring 

and disfiguration. Meshed autologous split thickness skin grafts result in minimal scarring and 

have excellent take rates. However, the patient requires a healthy donor location to collect rather 

large STSGs, which are meshed to anywhere from 180% to 300% of their original size using the 

traditional meshing method.70 The method presented in this work offers an extra step in mesh 
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grafting by first expanding the STSG resulting in grafts more than four times their original size. 

This would effectively minimize the required size of the original donor graft. 

 

7.1. Research Summary 

 The research completed for this dissertation utilized an orbicular loading device to expose 

STSGs to a mechanical load in vitro. To mimic traditional loads skin would experience in vivo 

the orbicular shape stretches the skin both in and out of the plane, Figure 4.3E. This non-

directional load allows the unaligned collagen bundles to be pulled in their respective directions. 

The device initially proved its efficacy in preliminary work in which porcine STSGs were 

expanded to a maximum 39% of their original size over seven days under a load of 0.5 psi. Other 

methods of uniaxial loading of human foreskin reported surface area increases of 117%, and 

porcine split thickness skin of 31%.3,93 However in regards to the Ladd et al. results, foreskin is 

known to be incredibly elastic and not typically a collection site for grafts. Also the foreskin was 

measured while still loaded in the device, so the final length of the tissue may not be a plastic 

response and the foreskin may revert back.3 Although these results are promising they are 

skewed in regards to possible skin procurement treatment. Prim et al., which used porcine split 

thickness skin, showed minimal surface area increases but did prove 100% take rate when the 

expanded grafts were placed back onto a full thickness wound. Proving the tissue viable for 

grafting after expansion. Following the preliminary results of this study, 20 STSGs collected 

from the backs of female pigs between 1 and 3 years old were stimulated in the orbicular 

expander. These STSG0s are collected via an electric Integra® Padgett® dermatome. The samples 

were transported back to the testing facility submerged in phosphate buffered saline (PBS), 

where they were inspected and cut to fit into the orbicular loading device, (circle 7 cm diameter). 

 The results of four measures of mechanical and biological responses in the final tissues 

(STSGF) were compared to initial samples (STSG0) to determine if the skin graft increased in 

size without significantly changing its mechanical properties. The four measures examined were 

surface area, thickness, tensile properties, and collagen density. Surface area, measured using 

Image J software (provided by the National Institute of Health), resulted in an average significant 

increase of 58% with a minimum of 35% and a maximum of 118% of the original size of the 

graft.  These results suggest that STSG0s will expand in the orbicular loading device. The 

thickness of the STSGs proves a bit more difficult to measure due to the viscosity of skin. 



   

116 

 

Traditional calipers are often used to measure thickness but cannot give an accurate result. 

Therefore, this work uses a laser scanner by FARO® technologies to convert the skin into a 3D 

point-cloud, and a true average thickness is assessed. The thickness of the tissues did not show 

significant changes between initial and final samples. 

 Tensile strength of biological tissues is another difficult measure to quantify since 

biological tissues often exhibit non-Newtonian behavior. There is minimal information regarding 

the ultimate tensile strength (UTS) and modulus of elasticity (MOE) of split thickness porcine 

skin. Preliminary work showed that the UTS and MOE of these tissues are not statistically 

significantly different between specimens. Therefore, the average of the preliminary work 

concluded a UTS of 3.784 MPa and MOE of 50 MPa for STSG0s in comparison to the tensile 

results of STSGFs. These results did not provide conclusive statistical evidence of change due to 

mechanical stimulation. Lastly, the collagen density of both STSG0s and STSGFs were examined 

via a Sircol® collagen assay. Since collagen production is the result of fibroblasts in the dermis, 

change in collagen density of the tissue could be an indication that the STSGs are “growing” or 

“stretching” due to the mechanical loads applied in vitro.10 In the STSGFs of this study there is 

no statistical evidence of a change in the collage density, suggesting that fibroblasts in the tissue 

are not producing collagen, and therefore may be inactive. 

 The STSGs were then examined for cellular viability and changes of the microstructure 

of collagen. The LIVE/DEAD® assay did not show any viable cells from time the tissue arrived 

back to the laboratory, Figure 5.17. However, as stated earlier this could be due to an inefficient 

protocol when staining the tissue. Scanning electron microscopy (SEM) images revealed the 

collagen fibers do not show signs of deterioration but rather reorganization in the unwinding and 

unbundling of collage structures, Figure 5.18. Therefore, the STSGFs from this study appear to 

be a viable skin graft in which reepithelization would allow the grafts to assimilate back into the 

body. 

 Finally, the STSGs were monitored in situ for express thinning and the detection of 

ruptures during stimulation in vitro, Figure 6.6. This method of adaptive control uses pixel 

intensity of light shone through the tissue to determine localized changes in the STSG. The 

results of these images could give the operator more control if a tear is seen or a small defect is 

noticed since it is imperative not to continue to apply a load to tissue once it has torn. The tissue 
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could plastically deform in an undesirable shape and is likely no longer suitable for 

transplantation. 

 

7.2. Conclusions 

 The mechanical stimulation in this work significantly increased the surface area of the 

STSGs on average of 58% with a minimum of 35% and a maximum of 118% of the original size. 

However, the other three measures of thickness, tensile strength, and collagen density did not 

show statistical evidence of change. This suggests that although the STSG is expanding under 

loads in vitro other properties of the tissue remain insignificantly changed. This was not an 

unexpected result since most biologists feel mechanical stimulation for catalyzing growth and 

conditioning of tissue limited to 72 processing hours is a very small period of time for tissue to 

change.120 Originally the STSGs were thought to be alive, and therefore encouraging cell 

proliferation, and other protein material formations. However, the results of this study instead 

suggest that the tissue is rather changing the already existing microstructure of the collagen in 

response to the load. This is further seen by the LIVE/DEAD® assay and the SEM images of the 

STSGs. Although this method results in an average skin procurement of 1:1.5 if combined with 

mesh grafting, this method could result in true ratios of 1:4.5, which is an improvement of the 

current mesh grafting method used for the treatments of wounds like burns and chronic leg 

ulcers. 

 

7.3. Future Work 

 Advancements in skin procurement methods will continue to improve the treatment and 

lives of the millions affected by burns and chronic ulcers. This method of orbicular mechanical 

stimulation showed that skin grafts can be expanded in vitro and if meshed provide more skin for 

wound closure and healing than typical skin grafting methods. Since the porcine tissues in this 

study did prove to behave both mechanically and biologically similar to human skin, the next 

study need not use human skin to determine if the tissue requires the entire 3 days in the system 

to achieve 58% or more expansion. Since the STSG0s appear to have little cellular activity at the 

beginning of loading, cadaver skin could be sufficient for the next round of testing. Since there 

was no statistical evidence that pressure has a significant effect on the outcome of STSGFs a low 

pressure of 2 psi appears to be sufficient for loading to avoid large failures. Finally, if the tissue 
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can be collected and kept alive or fed with stem cells; the resulting surface area increase could be 

even greater due to the production of collagen from fibroblasts in the dermis. 

 As future experiments will push the boundaries even further for skin procurement 

methods, Table 7.1 provides a list of findings that should be considered prior to completing 

further studies. This table describes the most common and detrimental failures experienced 

during the experiments conducted for this work. The most likely causes are listed as well as a 

course of action to rectify or avoid these failures. The most common failures experienced were 

skin samples that were too thin for expansion, as evidenced by leaking during loading, and 

premature rupture. It is imperative that the collection technician be experienced in using an 

electric dermatome as this process is highly variable. Until there is a better method for split 

thickness skin collection, this step in the protocol will continue to be risky and inconsistent.  

 Although skin grafts are a common occurrence in practice, it is important to continue to 

define the mechanical properties of the tissue itself as well as develop and advance methods of 

skin procurement. The orbicular loading device used in this work showed that skin grafts can be 

expanded in vitro over a relatively short amount of time creating more skin surface area for the 

coverage and healing of wounds, such as burns and chronic leg ulcers. The device itself shows 

promising results as this method of orbicular expansion could be used on other types of tissues, 

such as heart, lung, and liver patches. The adaptive control designed with this method of 

mechanical strain is a positive addition which allows for monitoring the current status of the 

tissue during mechanical exercising/expansion.  Furthermore, the dermatome, which is collection 

device for split thickness skin grafts has room for improvement. The dermatome is currently a 

free hand device, which should be redesigned as a precision manufacturing instrument for 

collecting tissue. This instrument should able to produce high quality skin grafts which provide a 

good source material for mechanical expansion. Using lean manufacturing techniques could 

further reduce waste in skin collection, and time for expansion. In conclusion, there are many 

aspects to this research that could be further investigated including, human tissue, total 

stimulation time, methods for keeping fibroblasts in the tissue active for collagen production, 

adaptive control for other tissue, orbicular mechanical stimulation of other tissue, and the 

redesign of a precision tool for skin collection. 
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Table 7. 1: Failure, Modes, Analysis (FMA) table of common failures experienced during 

mechanically stimulating split thickness porcine skin grafts in vitro. 
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Appendix A: Manufacturing the Bioreactor 
 

The first consideration of the device was how to apply pressure to the tissue. Other in 

vitro devices apply loads in either a uniaxial or biaxial direction. However, this device need to 

apply even pressure to the entire surface area of the tissue not just in the X and Y plane, therefore 

water and air pressure were considered the best two methods. Water pressure is used due to the 

compressibility of air. A membrane located between the tissue and the water pressure serves two 

purposes. The first is to keep unnecessary contamination from the tissue. If water is directly 

applied to the tissue it will eventually seep through pores which only get larger during expansion. 

The membrane is essential to keeping the water in the pressure pocket and avoiding leaking 

through the tissue. To hold the tissue in place while applying a pressure from underneath a tissue 

fixturing ring was designed provide a leak proof seal from the pressure pocket as well as keep 

the tissue from slipping under pressure, Figure A1. 

 

During in vitro testing tissue needs nutrients and oxygen for cells to survive. If the tissue 

is submerged to deep in nutrient media, not enough oxygen can dissolve into the liquid and 

therefore cells die. If there is no liquid media supplied to the cells they will also die. Skin has 

two main layers, the epidermis (outer layer) of the skin contains very little living cells; in the 

dermis is were most of the cells preside and protein systhesis occurs. Therefore, media and 

oxygen need to reach the dermis. Remember there is a membrane that must separate the water 

A 

B 

Figure A. 1: Tissue fixturing ring used to hold the skin under pressure. B) Tissue contact surface 

of the tissue fixturing ring B) side view with O-rings used to create a leak proof seal. 
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from the tissue and therefore, the tissue touching the membrane will not receive media or 

oxygen. To be sure the dermis remained healthy the skin is loaded into the device upside down, 

so that the epidermis laid against the membrane where the pressure was applied, therefore the 

dermis is open to the air and liquid nutrients could be applied to the tissue during testing. Figure 

A2 is a CAD rendering of the device. 

 

 

To assemble the device together bolts, spings, and wing nuts are used to to compress all 

of the parts providing sufficient pressure to combat the pressure applied by the water from 

underneath the device, Figure A3. Therefore, the deivce is capable of holding healthy tissue in 

vivo without slipping while the tissue is under pressure. This device design was sufficient for the 

preliminary experiments showing proof of concept work.  

The bioreactor consists of two 0.5 in. thick acrylic halves, Figure A3. A laser cutter 

machined both the bottom’s circular exterior and its eight perimeter holes as well as the top’s 

circular exterior, interior hole, and eight perimeter holes. Subsequent bioreactors were made 

Figure A. 2: CAD of the original device used for expansion experiments. Blue acrylic top and 

bottom halves of the device. The fixturing ring is yellow with black O-rings for leak proof seal. 

The red sheet is the membrane used to separate the tissue from the water pressure pocket. Note: 

The tissue would be inserted in-between the membrane (red) and the tissue fixturing ring 

(yellow). 
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square for easier final machining and only included 6 attachment holes. The holes were designed 

for 0.25” screws to hold all three components together to achieve a pressure up to 10 psi. Next, 

these acrylic circular parts were individually machined in the Haas VF2 CNC machine with 

similar fixturing setups.  Separately, each piece was clamped in the vise with parallels lifting it 

above the vise base.  Then using an edge finder, the center of these circular parts (the specified 

datums on the engineering drawings) was determined and recorded in the work offsets before 

machining. To create the filleted the top edge of the inner circle a 0.25 in. ball end mill followed 

a Z-step g-code generated using Surfcam. The fillet protects the expanded skin from tearing due 

to sharp edges during testing.  The bottom piece required operations to machine the inner circular 

pocket and the two holes in the base which provide entrance and exit ports for the water flowing 

through the pressure pocket. The two ports in the base were manually tapped for future assembly 

with the elbow valves.  

 

The final part of the device manufactured is the tissue fixturing ring, Figure A1. The ring 

was originally additively manufactured out of ABS plastic using the Connex3 Objet350.  The 

compression ring surface texture was developed through a series of experiments in which the 

previous team determined the best texture and size to hold the tissue during expansion to avoid 

slippage. Three type of surfaces were tested; smooth, dotted, and knurled, Figure A4. The other 

two surfaces proved insufficient for properly holding the tissue in place under pressure and the 

knurled surface was used for the rest of the experiments. Another fixturing method was tested 

A B 

Figure A. 3: A) Bottom of device. Features: pressure pocket, entrance and exit ports, and holes 

for assembly. B) Top of device. Features: Center hole with fillet for protection of tissue as it 

expands, and outer holes for assembly. 
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using pins to pierce the skin, similar to another uniaxial fixturing method. However, due to the 

necessity to maintain water pressure during testing there can be no punctures in the tissue. In this 

case as pressure was applied to the skin, the holes created by puncturing the skin and the 

membrane stretched, creating enough space for water to seep through. This resulted in a loss of 

pressure and the inability to gain any additional pressure.  

 

Each of the parts described above were made in the Center for Additive Manufacturing 

and Logistics Lab (CAMAL) in the Edward P. Fitts Department of Industrial and Systems 

Engineering at North Carolina State University. The rest of the parts directly related to the 

bioreactor were purchased from either McMaster-Carr or Qosina. 

 

 

 

 

 

 

 

Figure A. 4: (Left) Surfaces examined for tissue fixturing ring; smooth, dotted, knurled. 

(Right) Pin tissue fixturing ring. 
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Appendix B: SEM Fixation Protocol for Split Thickness Pig Skin 
 

1. Use pig skin which was held in normal saline at 4oC until fixed. Cut skin into ~4mm2 

pieces and fix in 3% glutaraldehyde in 0.1M PBS PH 7.4 and hold at 4oC until processed. 

a. Maceration procedure: Was briefly with room temperature dH2O then immerse in 

1N NaOH for 4 days at room temperature. 

b. Immerse in room temperature dH2O for 3-4 days then treat with 1% tannic acid 

for 1 hour.  

c. Wash with two 1-hour changes of room temperature dH2O. 

2. Post-fix in 1% osmium tetroxide (OsO4) in 0.1M PBS, pH 7.4 for 1 hour at 4oC in the 

dark. 

NOTES: 

 This step at the subsequent wash may be omitted in some instances 

 OsO4 is necessary if the tissue with be used for TEM later 

 OsO4 may help cut down charging 

3. Wash in 0.1M sodium phosphate buffer, pH 7.4, 3 changes of 30 minutes each at 4oC. 

4. Dehydrate in 30% and 50% ethanol, 30 minutes each change at 4oC. 

5. Change to 70% ethanol and hold for final dehydration at 4oC. 

6. Continue dehydration in 95% ethanol for 1 hour at 4oC. 

7. Dehydrate in 100% ethanol, 3 changes of 1 hour each; start with cold 100% ethanol and 

remove from the ice to allow it to come to room temperature; the second and third 

changes are done with room temperature ethanol. 

8. Critical point dry for 10 minutes using liquid carbon dioxide. 

9. Remove from critical point dryer and secure samples to stubs with silver paint. 

10. Sputter coat on the angle supports with gold/palladium; 20KA on each of 4 sides using 

the angle supports plus 30KA on top. 

11. Store in desiccator. 

12. Examine in the JEOL 5900LV at 20 kV. 

 


