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In this paper, we had four primary objectives. (1) We reviewed a brief history of the Liss-
ner award and the individual for whom it is named, H.R. Lissner. We examined the type
(musculoskeletal, cardiovascular, and other) and scale (organism to molecular) of
research performed by prior Lissner awardees using a hierarchical paradigm adopted at
the 2007 Biomechanics Summit of the US National Committee on Biomechanics. (2) We
compared the research conducted by the Lissner award winners working in the musculo-
skeletal (MS) field with the evolution of our MS research and showed similar trends in
scale over the past 35 years. (3) We discussed our evolving mechanobiology strategies
for treating musculoskeletal injuries by accounting for clinical, biomechanical, and bio-
logical considerations. These strategies included studies to determine the function of the
anterior cruciate ligament and its graft replacements as well as novel methods to enhance
soft tissue healing using tissue engineering, functional tissue engineering, and, more
recently, fundamental tissue engineering approaches. (4) We concluded with thoughts
about future directions, suggesting grand challenges still facing bioengineers as well as
the immense opportunities for young investigators working in musculoskeletal research.
Hopefully, these retrospective and prospective analyses will be useful as the ASME
Bioengineering Division charts future research directions. [DOI: 10.1115/1.4023479]
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Introduction

The Bioengineering Division established the H. R. Lissner
Award in 1977 as an annual divisional award to honor Herbert R.
Lissner, Professor of Engineering Mechanics at Wayne State
University in Detroit, Michigan. Dr. Lissner and a neurosurgeon,
Dr. E. S. Gurdjian, began conducting pioneering biomechanics
research in 1939 that sought to understand the mechanisms of blunt
head trauma and skull fracture. Beginning in 1962, Dr. Lissner also
served as the first director of the Bioengineering Center at Wayne
State University. The Lissner award was then elevated to an ASME
society award that included the Lissner Medal in 1987 as a result of
a donation from Wayne State University. The ASME Lissner
Medal, “recognizes significant, career-long achievement in the field
of biomechanics and is the highest award offered by the society in
the field of biomedical engineering.” ASME has awarded 36 win-
ners since 1977 in numerous areas of bioengineering.

As the most recent winner of the Lissner Medal, the first author
thought it would be beneficial to review the prior Lissner awar-
dees and the temporal pattern and scale of their pioneering
research. His assumption in this retrospective review was that pat-
terns of research by Lissner winners could be a valuable barome-
ter of our field of bioengineering and might even provide a metric
for predicting where our field is heading.

The objectives of this paper were fourfold. (1) We quantified
the temporal and spatial patterns of research by Lissner awardees.
While space limitations prevent us from detailing the contribu-
tions of each awardee, we have highlighted their successes over
length scales and time. Several winners are noted as role models
for their research, leadership, and service (see Acknowledgments).
(2) We compared the musculoskeletal (MS) research of a subset
of Lissner awardees with our research at the University of Cincin-
nati during nearly the same time period (1976–present). (3) Given
the multidisciplinary nature of our work, we examined how clini-
cal, biomechanical, and biological considerations have shaped our
mechanobiology strategies for treating musculoskeletal injuries.
(4) We took a peek into the future by proposing grand challenges
still facing bioengineers along with unique opportunities for
young investigators in our field. While this award has been given
to a single individual, the research we are presenting recognizes
the contributions of both the coauthors of this paper plus many
more colleagues listed in the Acknowledgments. Their collabora-
tions have been invaluable and truly appreciated!

A Retrospective Review of Research by Prior Lissner

Awardees

General Background of Prior Winners. Nearly all of the 36
Lissner awardees have been classically trained engineers. These
engineers from fields including mechanical, aerospace, and
electrical engineering as well as engineering mechanics initially

populated the relatively young bioengineering field. They utilized
engineering approaches to solve important and difficult bioengin-
eering problems. However, Lissner winners also included those
not formally trained in engineering. Two prior winners were
physician scientists (Robert Rushmer, M.D. (1979) and Alf
Nachemson, M.D., Ph.D. (1988)) who regularly collaborated with
engineers and fostered these partnerships. Another winner (Gay-
nor Evans, Ph.D. (1980)) was trained as an anatomist and also
served as editor of the Journal of Biomechanics. The recognition
of their work suggests that the Bioengineering Division under-
stood early that “nonengineers” were making quite valuable con-
tributions to the field. Such recognition suggests that, looking
forward, future winners with additional training in subjects such
as molecular biology, nanotechnology, and medical device inno-
vation will also be recognized as new and more high-resolution
technologies become more accessible to bioengineers.

Retrospective Analysis of Research. To try and quantify this
retrospective analysis, the research of prior winners was analyzed
using temporal and spatial measures applied to their major fields
of research.

Temporal Analysis. Awardees were first assigned to four 9-
year increments (Phases 1–4), based on the assumption that nine
years was neither too long nor too short to judge shifting research
patterns. Images of all winners are shown for these four phases
(Figs. 1(a)–1(d)).

Assignment to Major Fields of Research. The research of
each awardee was placed into one major category or field. We rec-
ognize the difficulty in partitioning, given the diversity of work
performed by these individuals as they crossed disciplinary boun-
daries to solve important biomedical and biological problems.
While we have tracked the evolving research contributions of
these individuals, we recognize that other assignments could have
equal merit. Given these assumptions, it is noteworthy that among
the 36 prior winners, 19 have worked in the musculoskeletal
(MS) field and another 15 in the cardiovascular (CV) field. Two
other individuals (Robert Kenedi, 1982 and John Chato, 1992)
conducted research in more general topics of bioengineering, and
their research was not included in the analysis. As a result, we
analyzed those working in the MS field separately from those
working in the CV field.

Spatial Analysis. We also conducted a length-scale analysis of
the research performed by Lissner awardees. This same analysis
was used by the US National Committee on Biomechanics as part
of its 2007 Biomechanics Summit in Keystone, Colorado. Summit
invitees were assigned to one of five levels (molecular, cellular,
tissue, organ, and organism), based on their expertise, and were
asked to prepare position papers regarding the future of the field
for these levels. Four position papers were subsequently published
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at the molecular [1], cellular [2], tissue [3], and organ levels [4].
Adopting this same strategy, we made primary and secondary
assignments for each Lissner awardee’s research in his respective
field. Thus, one winner might have conducted musculoskeletal
research at the organism (primary) and then organ (secondary)
levels, while another performed cardiovascular research at the
cellular (primary) and molecular (secondary) levels.

Statistical Analysis. We then recruited a coauthor, Dr. Mare-
palli Rao, to examine the temporal and spatial research patterns
for those conducting musculoskeletal versus cardiovascular
research. Using the R statistical software package, the proportions
of Lissner awardees working primarily at larger (organ and orga-
nism) and smaller (molecular, cell, and tissue) length scales were
compared over time for both the musculoskeletal and cardiovascu-
lar fields [5]. While the data collected to conduct this statistical
analysis is certainly not free from errors or potential misinterpre-
tations, it is hoped that the spirit of the analysis is still valid and
useful.

Several intriguing observations can be made from this retro-
spective analysis. (1) Primary and secondary assignments were
typically adjacent to each other for both groups (e.g., organism
as primary and organ as secondary). (2) The two fields showed
different length scale patterns over the period. Those awardees
conducting research in the cardiovascular field (Fig. 2(a)) have
generally worked at the tissue and cellular levels for the entire 35-
year period. By contrast, winners in the musculoskeletal field
(Fig. 2(b)) primarily conducted their studies at the organism and
organ levels between 1977 and 1998, after which their research
moved to the tissue and cellular levels. This abrupt shift towards
smaller length scales was statistically significant (p¼ 0.05). (3)
The number of Lissner winners in the two fields was nearly com-
parable over the entire period.

There could be many possible explanations for these findings.
(1) The fact that both musculoskeletal and cardiovascular
researchers typically worked at two adjacent length scales of
research is not too surprising and suggests that both groups main-
tained a consistent approach with available tools as they tackled
their bioengineering problems. (2) However, the difference in
length scale patterns between the two fields is more interesting. It
is tempting to link this shift to the beginning of the 5-year
doubling of National Institutes of Health (NIH) research funding
starting in 1998. Such funding could have led to an influx of new

bioengineering students and biological collaborators with novel
tools capable of analysis at finer levels. However, this would not
explain the absence of a shift in the cardiovascular field. Could it
be that the much larger and more mature cardiovascular field
actually underwent this transformation to finer levels prior to
1977? Or could it relate to the collaborators and research ques-
tions selected by Lissner winners? Cardiovascular winners in the
late 1970s (e.g., Dr. Y.C. Fung and Dr. Richard Skalak) were
already working with biologists (physiologists) at a finer level,
while some musculoskeletal researchers were collaborating with
orthopedic surgeons on a larger length scale (thanks to Dr. Jay
Humphrey for this insight). Clearly, the recent explosion of
high-resolution instrumentation and computing power has enabled
bioengineers working in both fields to peer smaller and smaller to
answer more fundamental questions than could be addressed
before. These technologies, whether developed and refined by
bioengineers or made available through collaborations with
molecular biologists, geneticists, immunologists, etc., have
changed the research questions that bioengineers can now pose.
(3) The nearly equivalent number of MS and CV Lissner awardees
is less apparent, given the difference in size between the two
fields. Using PubMed keyword searches for “cardiovascular” and
“musculoskeletal”, one coauthor (S.D.G.) examined the number
of publications in both fields between 1977 and 2011. While the
total number of cardiovascular publications per year far exceeded
those in the musculoskeletal field (e.g., 50,355 versus 3152 in
2011; Fig. 2(c)), the numbers were much closer when only publi-
cations including the additional keyword “biomechanics” were
tracked (e.g., 319 (0.6% of total) versus 236 (7.5% of total) in
2011, respectively; Fig. 2(d)). Also note that the number of bio-
mechanics publications in each field begins to converge in the late
1990s (Fig. 2(d)). Of course, other factors unique to the musculo-
skeletal field might have also triggered this shift. These patterns
need to be discussed and more closely analyzed, as they could
provide insight into future trends for bioengineering.

Chronology and Patterns of our Musculoskeletal

Research

Our research has generally paralleled the patterns observed for
those Lissner awardees working in the musculoskeletal (MS) field.
Since 1977, our work has undergone four phases that have

Fig. 1 (a)–(d) Prior Lissner Award winners assigned to four 9-year phases
between 1977 and 2012
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progressively grown smaller in scale. Phase 1: Between 1977 and
1985, our organ/tissue level research focused on human cadaveric
knee and ligament function as well as factors affecting anterior
cruciate ligament structure-function relationships and reconstruc-
tion [6–14]. Phase 2: Between 1986 and 1994, our focus turned
more to the tissue level, where we studied structure-function rela-
tionships [15–24] and soft tissue healing [25–31]. Phase 3:
Between 1995 and 2003, our work moved to the tissue/cell level,
as we and our collaborators continued to record in vivo tissue
forces [32–38] and initiated studies to identify novel therapies in
tissue engineering and functional tissue engineering (FTE)
[39–49]. Phase 4: Our most recent work, between 2004 and 2012,
has progressed even smaller to the tissue/cell/molecular levels
as we have sought to develop not only design criteria for
tissue-engineered tendon and ligament repairs compared to
normal tissues [50–74] but also new research directions in
“fundamental tissue engineering” at the interface of FTE and de-
velopmental biology [75–82]. What follows are brief summaries
of the four phases of our musculoskeletal research.

Phase 1: Organ/Tissue Level. Our knee and ligament research
in the late 1970s began on a larger scale at the intersection
of biomechanical and clinical disciplines. Our group (Frank
Noyes, M.D., Edward Grood, Ph.D., and David Butler, Ph.D.)
sought to use biomechanical concepts to help explain knee liga-
ment function during a range of activities, including the clinical

examination. The work then evolved in the early 1980s with
efforts to develop more rational treatment plans after ligament
injury. We recognized the significant frequency and associated
cost of ligament, tendon, and joint injuries [9,10,83] that have
been estimated to involve 16 million patients per year at a cost of
$30 billion [84]. It was also estimated that the number of patients
sustaining tears to the anterior cruciate ligament (ACL) would
continue to grow and could exceed 250,000 per year [27,85,86]. A
prior study using human cadaveric donors ranging in age from 16
to 86 years [87] had also demonstrated significant 40% to 65%
reductions in the material properties of the anterior cruciate
ligament-bone unit between 20 and 50 years of age. The increased
tissue vulnerability to injury as a result of aging further empha-
sized the importance of understanding the forces that this tissue
might encounter on a daily basis.

We specifically sought to explain a clinical paradox in cruciate
ligament function. At the time, some knee surgeons believed that
the posterior cruciate ligament (PCL) rather than the ACL was
resisting anterior tibial translation (ATT) relative to the femur.
However, anatomical dissections demonstrated that the ACL and
not the PCL was properly oriented to resist this motion [9]. Spe-
cifically, the PCL, a tensile-bearing tissue, would be expected to
show reduced loading during this anterior translation motion.
Human cadaveric knees (n¼ 14) with an average donor age of 42
years (range of 18–65 years) were dissected, mounted in a materi-
als testing machine, and subjected to a controlled displacement
profile while recording anterior and posterior restraining forces.

Fig. 2 An analysis of cardiovascular versus musculoskeletal research between 1977 and 2011. (a) Primary and secondary
research areas for Lissner awardees working in the cardiovascular area mostly remained at the tissue and cell level during the
four 9-year phases. (b) By contrast, primary and secondary areas for Lissner winners working in the musculoskeletal area
moved from the organism/organ level to the tissue/cell level around 1998 (p 5 0.05). Also interesting to note from PubMed is
that, during this same period, (c) the number of cardiovascular publications far exceeded those in the musculoskeletal field
(e.g., 50,355 versus 3152 in 2011). (d) Despite this discrepancy, when this data was restricted to biomechanics publications, the
two groups were much more similar and began to converge in the late 1990 s.
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The tibia was moved at a constant displacement rate up to 5 mm
of anterior translation (the so-called anterior drawer test), returned
to neutral, and then moved 5 mm posteriorly and returned to neu-
tral (Fig. 3). We then performed a selective cutting procedure,
whereby each tissue was sectioned and the displacement profile
repeated. This stiffness-based approach to selective cutting per-
mitted an independence of cutting order. After transecting the
anterior cruciate ligament (ACL), anterior restraining force
declined dramatically, with no change in posterior restraining
force (Fig. 3). The ACL was found to be the primary ligamentous
restraint to ATT, providing up to 85% of total restraining force. In
a similar way, the PCL was found to be the primary restraint up to
5 mm of posterior tibial translation, providing 94%–96% of total
restraining force (Fig. 3) [9]. The paradox of the PCL resisting
anterior tibial translation could be explained if the clinical test
began more posteriorly and moved toward a “neutral” position,
thus producing a “false” anterior drawer sign [9]. The smaller
forces applied during this clinical examination could have also
contributed to the misdiagnosis.

This study was important in the 1970s, especially without the
benefits of magnetic resonance imaging, because it (1) helped to
change diagnostic tests and treatment strategies after knee injury,
(2) led to new terms like “primary” and “secondary” ligamentous
restraints as well as “independence of cutting order” during test-
ing, and (3) provided a new way to examine activity level and an-
terior knee laxity (translation).

To illustrate this latter point, shown in Fig. 4 is anterior knee
laxity plotted against activity forces for the intact cadaveric knee
and following individual sectioning of the ACL and the PCL [9].
Note the small increase in anterior knee laxity that the surgeon
might not be able to detect under the “light” forces of the clinical
exam. Then notice the much larger increases in laxity that the
patient would definitely sense for more strenuous ADLs. Finally,
note that the increase in anterior laxity under light forces associ-
ated with cutting the ACL is much smaller than the corresponding
increase in posterior laxity after cutting the PCL. This suggests
that the surgeon would have a greater likelihood of diagnosing
loss of the posterior cruciate ligament during the clinical exam
than the anterior cruciate ligament [9].

We next used biomechanics concepts to better treat anterior
cruciate ligament injuries. Knee surgeons have sought to restore
normal anterior knee laxity after ACL surgery. The greatest chal-
lenge in the early 1980s was deciding which biological graft to
implant to most effectively restore normal laxity. Surgeons were
using many ligament grafts, including two tissues on the medial
side of the knee (semitendinosus and gracilis tendons) [88,89],
two lateral structures (fascia lata and distal iliotibial band) [90],
and three anterior tissues (central and medial portions of the patel-
lar tendon-bone unit and quadriceps tendon-prepatellar tissue-
patellar tendon or retinaculum) [91,92]. As no generally accepted
treatment plan existed to choose among them, we contrasted the
initial biomechanical properties of commonly used ACL cadav-
eric grafts (n¼ 90 specimens) from 18 young adult donors (26 6 6
years old; X 6 SD). We measured maximum force (strength) and

Fig. 3 The ACL (bottom graph) is the primary ligamentous
restraint up to 5 mm of anterior tibial translation (85% of total
anterior restraining force). The PCL (middle graph) is the pri-
mary restraint up to 5 mm of posterior tibial translation
(94%–96% of total restraining force). Adapted with permission
from Ref. [9].

Fig. 4 Anterior knee laxity versus activity forces in intact
cadaveric knee and after individual sectioning of the ACL and
PCL. The surgeon may not detect a small increase in anterior
laxity in the ACL-deficient knee under “light” forces of the clini-
cal exam, but the patient definitely experiences the greater
increases in laxity under more strenuous forces. The increases
in posterior laxity after loss of the PCL are more pronounced at
both load levels. Adapted with permission from Ref. [9].
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linear stiffness [12] along with maximum stress and linear modu-
lus [13]. Relative to results for young adult ACL-bone units
(Fig. 5), the strongest grafts were bone-patellar tendon-bone units
(159%–168% of ACL failure force). Semitendinosus and gracilis
tendons developed maximum forces of 70% and 49% of ACL
maximum force, respectively. All other tissues were weaker, with
retinacular tissues transmitting only 14% to 21% of ACL maxi-
mum force (Fig. 5). This study was impactful because (1) the
bone-central patellar tendon-bone graft became the “gold stand-
ard” for ACL ligament reconstruction for the next 20–30 years
and (2) the concept of “safety zones” was first introduced for
different levels of activities of daily living or ADLs (Fig. 6 [12]).
While designing a ligament graft to withstand failure forces of
1700 N would be ideal, more important might be to design grafts
to tolerate normal and even strenuous ADLs. Unfortunately, at
that time, the field could only estimate what fraction of failure
force those ADLs might be [12]!

Phase 2: Tissue Level. Over the next 9 years, our research
moved from the organ/tissue level to the tissue level. We estab-
lished structure-function relationships for normal and healing ten-
don and ligament and determined in vivo tendon and ligament
forces for various ADLs. While conducting anterior tibial dis-
placement (drawer) tests on human cadaveric knees, we noted a
much higher restraining load from the anteromedial band (AMB)
of the ACL than the posterolateral band (PLB). Subsequent analy-
sis suggested significantly different material properties for these

bundles, consistent with the belief that the AMB is the more fre-
quently loaded group of fascicles in the ACL. We previously
found that bone-fascicle-bone subunits from young human cadav-
eric knee ligaments (ACL, PCL, and lateral collateral ligament)
displayed significantly lower material properties than values for
subunits from patellar tendon [15], which we suggested was

Fig. 5 Maximum forces generated by graft tissues compared to the young adult anterior cruci-
ate ligament-bone unit. Central- and medial bone-patellar tendon-bone units were the strongest
tissues (159%–168% of ACL failure force). The semitendinosis (70%) and gracilis (49%) tendons
were somewhat weaker than the ACL. All other structures were still weaker, with the retinacular
tissues transmitting only 14%–21% of ACL maximum force. Adapted with permission from
Ref. [12].

Fig. 6 Designing a graft to withstand normal ligament failure
forces is ideal. However, designing grafts within “safety zones”
for normal and strenuous ADLs might matter more. Unfortu-
nately, researchers in the mid-1980s could only estimate these
force limits. Adapted with permission from Ref. [12].
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caused by differences in typical in vivo force levels. On closer
analysis of ACL data, we found the anteromedial band of the
ACL exhibited significantly greater load-related material proper-
ties (linear modulus, maximum stress, and strain energy density)
than did the posterolateral band [20]. Race and Amis observed
similar spatial differences for subunits from human PCL [93].
While we could not conclude that these spatial variations were a
result of differing in vivo loads, the data suggested that tendons
and ligaments are load sensitive and that measuring these in vivo
forces could help address this question.

In the early to mid-1990s, investigators were seeking to control
in vivo forces in tendons and ligaments. Yamamoto and coworkers
[94] unloaded rabbit patellar tendon at surgery using transpatellar
and transtibial pins connected by surgical suture (Fig. 7(a)). The
group showed that, between 1 and 6 weeks after unloading, patel-
lar tendon linear modulus and maximum stress declined by 70%
to 80% (Fig. 7(b)). Bush-Joseph and Grood, in our lab, unloaded
the goat ACL by isolating and posteriorly translating its tibial pla-
teau closer to the PCL [34]. After 6 months, the unloaded ACL-
bone unit provided only 58% and 34% of unoperated tissue stiff-
ness and maximum force, respectively. These results emphasized
the need to measure in vivo forces in the ACL to help researchers
(1) design more effective repair strategies, (2) establish bench-
marks of success, and (3) discover preconditioning protocols for
tissue-engineered constructs.

We then developed techniques to measure in vivo signals to
compute in vivo forces after calibration. We designed implantable
force transducers (IFTs) to insert in pockets within ligaments and
tendons [95,96]. These stainless steel and titanium curved beams
were instrumented with strain gauges. After insertion at surgery,
the displaced tissue fibers transmitted forces that deflected the IFT
and created a voltage change. Calibration of the instrumented tis-
sue after sacrifice allowed us to compute tissue force from these
voltage readings. Using these devices, we computed peak in vivo
forces to quantify functional design limits or benchmarks for
improving tissue repairs.

This strategy was then used to determine in vivo forces in goat
and rabbit tendons and ligaments. Quite different peak in vivo
forces were found in the goat ACL [97] and patellar tendon (PT)
[33] for a range of ADLs. While the ACL never developed more
than 7%–10% of the tissue’s failure force (Fig. 8(a)) [97], the PT
transmitted 8% of failure force during quiet standing (Fig. 8(b))

that increased to 32%–40% of failure force at gait speeds of 2.0 to
2.5 m/s (Fig. 8(b) [33]). We concluded that tendons, such as the
patellar tendon, possess higher functional design limits than do
ligaments like the ACL (Fig. 9). However, even these design lim-
its varied widely among tendons. Voltage recordings in the rabbit
patellar [37], Achilles [38], and flexor digitorum profundus ten-
dons [35] revealed that peak forces and stresses achieved a wider
range of 11%–29% of corresponding failure values. This variabili-
ty in peak forces (and stresses) with animal and tissue model sug-
gested that, to improve tissue repair outcome, we needed to select
an animal and tissue model system where these forces could be
more tightly controlled.

Phase 3: Tissue/Cell Level. In 1995, we began studies in tis-
sue engineering and functional tissue engineering. In collaboration
with Dr. Arnold Caplan at Case Western Reserve University and
with Osiris Therapeutics, Inc., we found that we could improve
rabbit Achilles tendon (AT) defect repair using autologous mesen-
chymal stem cells (MSCs) in a collagen gel [39,55]. However, the
AT injury site was not easily accessible and tissues were challeng-
ing to fail in tension. We thus decided to continue our work using
only the full-thickness central defect in the rabbit patellar tendon
(PT). This model had several advantages. We could evaluate mes-
enchymal stem cell therapies in an easily accessible and reproduc-
ible “load-protected” repair environment with intact adjacent
tendon struts. This injury model permitted us to successfully
isolate the repair tissue and reliably grip patella and tibia during
failure testing [46]. This same method was continually applied in
our later tissue engineering studies [50,54–57,68,69]. However,
before beginning this next series of studies, we needed a more log-
ical and functional strategy to properly evaluate tissue-engineered
construct (TEC)-based repairs for tendon and other load-bearing
tissues.

Working as part of the US National Committee of Biome-
chanics in 1998 and 1999, the first author (D.L.B.), Dr. Steve
Goldstein from the University of Michigan, and Dr. Farsh Guilak
from Duke University published the first paper describing func-
tional tissue engineering (FTE) [42]. We then published a second
paper describing functional tissue engineering of articular carti-
lage [44] and held a NIH-funded workshop [45]. Three key princi-
ples of FTE that helped direct our own research included the need

Fig. 7 Unloading the rabbit PT with K-wire and sutures produced 70%–80% reduc-
tions in tissue material properties by 6 weeks postsurgery. Adapted with permis-
sion from Ref. [94].
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to (1) measure normal in vivo stress/strain histories for a variety
of activities; (2) set standards by answering the question, “How
good is good enough?”; and (3) determine whether cell-matrix
implants could be mechanically stimulated before surgery to
improve repair. With regards to “how good is good enough,” the
group recognized the need for minimum mechanical (peak forces,
tangent stiffness, and safety factor) and biological standards (cell
density, growth factor stimulation, etc.) that are not yet known for
all tissues and that might interact with each other! Our group then
developed a FTE “roadmap” to better track the progress of our
in vitro tissue engineering studies as well as our surgery and
evaluation efforts (Fig. 10) [47]. We also proposed functional tis-
sue engineering parameters for frequently loaded musculoskeletal

tissues based on increasing tissue complexity and knowledge of
in vivo forces and displacements [48].

Over the next 8 years, we applied this FTE paradigm [69] to
our rabbit PT defect model. We continuously improved repair
biomechanical properties, including maximum force and stiffness
as well as maximum stress and linear modulus (Fig. 11). We ini-
tially investigated whether increasing the density of MSCs in the
tissue-engineered constructs would improve central PT repair at
three time periods (6, 12, and 26 weeks postsurgery) [46].
DiI-labeled MSCs were contracted in a collagen gel around a cen-
tral, load-bearing suture for up to 72 h before surgery [43]. While
all cell densities (1, 4, and 8� 106 cells/ml) significantly
improved repair biomechanics compared to natural healing at 12
and 26 weeks after surgery, the failure curves for these repairs
did not resemble the failure curve for the normal central PT
(Fig. 12(a)) [37,46]. The failure curves did not exceed peak
in vivo forces (IVFs) for the tendon nor did they match normal PT
stiffness (slope) up to these peak values. The improvements were
also independent of cell density and ectopic bone formed in 28%
of repair sites, regardless of cell density and time postsurgery.
Cells within these bone spicules contained the DiI label used to
mark the implanted MSCs. A follow-up study in culture showed
that alkaline phosphatase, an early bone marker, was elevated
after the MSCs contracted the gel around the suture [49]. We con-
cluded that we had failed both in achieving two mechanical design
targets (to exceed IVF and to match tangent stiffness) and in our
biological outcome (to avoid ectopic bone and to achieve aligned
collagen fibers anchored into bone through a fibrocartilage zonal
insertion site). Before proceeding, we chose to decrease the cell
density in our TECs and remove the stiff, potentially stress-
shielding suture.

We then systematically modified our TECs to improve repair.
We reduced the cell density by tenfold (to 100 K cells/ml),
replaced the suture with a silicone dish outfitted with two
vertical posts that allowed for matrix (and cellular) deformation
[54,59,61], stiffened the TECs by replacing the collagen gel
with a collagen sponge scaffold [54,64], and mechanically
stimulated (preconditioned) the TECs before implantation
[56,60,62,64,68,69]. All of these changes resulted in failure
curves for repairs that greatly exceeded the peak in vivo forces
level for two different sponge scaffolds (Fig. 12(b)) with tangent
stiffness values matching the normal PT up to 50% beyond peak
IVFs [56]. These improvements provided a buffer beyond the
peak values recorded in the rabbit PT, which could provide pro-
tection should larger in vivo forces further challenge the repairs.
By reducing cell density and eliminating the suture, we observed
no further ectopic bone in any tendon repairs. Our strategy of
harvesting bone marrow-derived MSCs had one other benefit: it

Fig. 8 Peak in vivo forces in the patellar tendon are larger than
those in the anterior cruciate ligament. (a) Note that peak IVFs
in the goat ACL are negligible during the swing phase of gait,
increasing rapidly during stance but never exceeding 7%–10%
of the tissue’s failure force. (b) Peak PT force is 8% of failure
force during stance phase, increasing rapidly during gait to
32%–40% of failure force at 2.0–2.5 m/s. Adapted with permis-
sion from Refs. [97] and [33].

Fig. 9 Functional design limits for the goat anterior cruciate
ligament were found to be less than those for the goat patellar
tendon. Adapted with permission from Ref. [12].
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permitted us to create enough constructs to directly compare the
stiffness and modulus of the in vitro TEC with the stiffness and
modulus of the in vivo repair [56]. The significant correlations
between these in vitro and in vivo measures (i.e., increasing TEC
stiffness/modulus in vitro leads to improved repair tissue stiffness/
modulus at 12 weeks) allowed us to perform less costly and more
rapid in vitro TEC screening and optimization experiments
[56,57,68,69]. We also employed response surface methodologies
[98] to optimize preconditioning parameters, such as the peak
strain and number of cycles per day necessary to improve TEC
stiffness before surgery [62]. We found that the highest in vitro
stiffness was achieved when constructs were exposed to 2.4%
peak strain for 3000 cycles per day [62].

Although such strategies for optimization to achieve mechani-
cal design limits are critical, we also recognized the need to better
understand biological design limits. The goal of Phase 4 thus
became to learn how to improve the biology of our TECs and the
resulting repairs.

Phase 4: Tissue/Cell/Molecular Level. Beginning in 2004,
we sought to incorporate more biological response measures into
the tendon tissue engineering design process [57,65,72]. We
needed a mechanobiology paradigm [80,81] to identify biological
design targets to accompany the biomechanical ones (matching
tangent stiffness, exceeding peak IVFs, and incorporating a safety
factor). This process also required multidisciplinary collabora-
tions. To achieve these objectives:

(1) We first needed a more comprehensive set of design targets
for tendon and other load-bearing tissues. Three investigators
(Cy Frank, M.D., Jack Lewis, Ph.D., and David Butler, Ph.D.)
organized a NIH-sponsored conference in 2007 to develop
mechanical, structural, biological, and clinical evaluation criteria
for musculoskeletal and craniofacial load-bearing tissues. A small
group of bioengineers, biologists, material scientists, and surgeons
were recruited from academia, industry, and government. The
group used a “reverse tissue engineering strategy” to carefully
define two important clinical problems for each tissue type (liga-
ment, articular cartilage, bone, etc.) [70]. Multidisciplinary teams
were then assembled to identify design parameters and their mini-
mally acceptable values for each tissue type and clinical problem.
Preclinical studies were discussed that would support these clini-
cal studies. Only then did the group propose in vitro laboratory
studies to complement these preclinical and clinical studies. The
resulting publication [70] summarized conference findings and
was useful as our research team expanded our criteria for tendon
tissue-engineered constructs.

(2) We needed to expand our preclinical models and link
those species amenable for biological studies with those
more suited for translational studies [99]. At this stage, our
tendon and ligament structure-function, repair, and replacement
studies had been conducted in larger rabbit [24,35–40,46,49–51,
54–58,62,65,67–69,73], canine [100–103], goat [18,19,21,23,25,
30,31,33,34,66,97,104–106], and nonhuman primate [26] models.

Fig. 10 Functional tissue engineering roadmap. Shown are the in vitro, tissue engineering
phase required to create a tissue engineering substitute or construct as well as the important
surgery and evaluation phase to determine if the repair regenerates the tissue to exceed in vivo
forces or at least repairs to achieve functional efficacy. Adapted from Ref. [47].

Fig. 11 Continuous improvement in traditional biomechanical
properties, including maximum force, stiffness, maximum
stress, and linear modulus. These improvements involved
changes in cell density, collagen scaffold stiffness, and the use
of mechanical preconditioning of the TEC before surgery.
Adapted from Ref. [69].
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These models permitted (a) the surgeon to more reproducibly cre-
ate and repair the injuries and (b) the bioengineer to more easily
determine in vivo forces and measure repair biomechanics relative
to nonoperated controls. However, taking advantage of powerful
genetic tools required that we move to smaller murine models.
While these models had clear advantages (e.g., transgenic and
knockout models to better understand developmental and repair
mechanisms), they also presented challenges due to their small
size (e.g., performing reproducible surgeries, directly recording
in vivo mechanical signals, and accurately measuring structural
and material properties in normal and repair tissues). The question
we now faced was choosing the most effective “biological” or
“mechanobiological” path to create suitable repairs. Should
biological design limit mimic successful adult repair? Should we
actually regenerate the tissue by mimicking normal tissue devel-
opment? Or would we choose some combination of mechanical
and biological strategies? We chose a mechanobiology strategy to
mimic tissue development [75,79].

We next expanded our research team to study how normal ten-
don development might improve tissue repair in the adult
[57,75,79,80]. Working with Dr. Christopher Wylie and co-
workers at Cincinnati Children’s Hospital Medical Center, we
sought to link mechanical and biological indicators of success.
We proposed a new subfield called “fundamental tissue

engineering” or FdTE, which merged functional tissue engineering
(FTE) and developmental biology [82]. Since then, the goals of
FdTE have been to (1) expand our mechanical design criteria, (2)
seek biological signals mimicking normal tissue development, and
(3) meld these data sets using novel statistical methods, such as
multiresponse surface methodology that weighs quantitative and
semiquantitative outcomes [98]. FdTE would use development to
improve repair by (a) systematically studying normal cell signaling
and gene expression during late embryonic and early postnatal mu-
rine development [79,80], (b) contrasting these results with adult
natural healing [81], (c) utilizing signals from development in
combination with mechanical loading to better precondition our
TECs, and (d) linking these patterns across species to improve
TEC design in culture and to more rapidly repair or regenerate the
damaged tendon tissue and insertion site into bone.

Our studies began by characterizing the histology and immuno-
chemistry of the murine patellar tendon during late fetal life to
two weeks after birth [80]. Three to four days before birth (at
E17.5), the tendon midsubstance was quite cellular and its extrac-
ellular matrix rather poorly organized (Fig. 13). The cartilaginous
insertion was also not well defined. Postnatally, the tendon rapidly
lengthened from P1 to P14, its cellularity decreased, the midsub-
stance collagen aligned, and the insertion formed and began to
mature into fibrocartilage and bone (Fig. 13). The number of
cycling cells also decreased over time based on Ki67 results show-
ing cell proliferation. Immunohistochemistry revealed that, from
late fetal life to two weeks after birth, collagen I, tenomodulin,
and fibromodulin were expressed rather uniformly throughout the
tendon, while biglycan, COMP, and tenascin-C expression was
highly enriched in the attachment site [80]. Cell signaling path-
ways, such as transforming growth factor b (TGFb) and bone
morphogenetic protein (BMP) were activated throughout the
developing tendon, while cells responding to hedgehog (Hh) sig-
naling were restricted to the insertion [80]. These results have led
us to try and (1) identify which markers and signaling pathways

Fig. 12 Tissue-engineered constructs containing MSCs in a
collagen scaffold improve central rabbit PT repair. (a) Con-
structs containing a high cell density (1 3 106 cells/ml) produce
a small but significant improvement in the force-displacement
repair curve compared to natural healing. Not only does the
failure curve for the TEC repair not match that for the normal
unoperated PT, the 12-week repair also does not reach the peak
in vivo forces (IVFs) acting on the normal central PT or match
normal tangent stiffness. (b) Lowering the cell density, stiffen-
ing the collagen scaffold, and mechanically preconditioning the
constructs before surgery resulted in improvements in failure
properties as well as functional parameters (exceeding peak
IVFs and matching normal PT tangent stiffness with a 50%
safety factor). Adapted from Ref. [56].

Fig. 13 The murine patellar tendon rapidly changes its struc-
ture and cellularity from late fetal life to 2 weeks after birth. The
tendon midsubstance and insertion are cellular and their
extracellular matrices are rather poorly aligned at E17.5. Post-
natally, the tissue midsubstance shows decreasing cellularity
and increasing collagen alignment from P1 to P14. The inser-
tion is also maturing into fibrocartilage and bone. Adapted with
permission from Ref. [80].
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are useful biological design targets for therapeutic intervention
and (2) find other differentially expressed genes using whole tran-
scriptome technologies, like RNA sequencing (RNA-Seq).

This same murine model could also be useful for studying
natural tendon healing in the adult and possibly establishing
homology with the rabbit patellar tendon defect injury model
[46,50,54,55,57,68]. Like the rabbit, central full-thickness defects
in the murine PT heal slowly compared to normal, up to 8 weeks
after injury (Fig. 14(a) [81]). However, unlike the rabbit, the
murine tissue was too small to directly determine in vivo forces
[37]. Instead, we used peak IVF force design limits from the rab-
bit PT (21% of failure force [37]) and goat PT (40% of failure
force [33]) to set lower and upper force limits, respectively
(Fig. 14(a) [81]). We are also using quantitative real-time poly-
merase chain reaction (qRT-PCR), immunohistochemistry, and
green fluorescent protein (GFP) reporters to measure expression
patterns of tenogenic markers and the origin and phenotype of the
progenitor cells that replace the damaged tissue. Principal compo-
nent analysis [98] is providing panels of genes to contrast defect

healing with shams and normal PTs to establish biological design
thresholds that link with our mechanical thresholds (Fig. 14(b)).
When established, these biological targets could be useful predic-
tors of later mechanical outcomes.

Clinical, Biomechanical, and Biological Considerations

in Mechanobiology Strategies for Treating

Musculoskeletal Injuries

These developmental and adult natural healing studies are now
driving our efforts to create more effective tissue-engineered con-
structs (TECs) in the murine model that can be translated to larger
species. The biological response of these TECs will require fine-
tuning the biological components of the collagen sponge. For
example, researchers may want to incorporate glycosaminoglycans
into the collagen sponge to improve gene expression of tendon
genes of interest [72] or optimize pore structure in the collagen
sponge to improve expression of tendon genes [107]. Alternatively,
we could use acelluar extracellular matrix (ECM) scaffolds with
normal 3D architecture and glycosaminoglycans (GAGs) and
growth factors as long as porosity permits cellular and vascular
infiltration. Ultimately, we will need candidate tenogenic markers
important in normal tendon development that are insufficiently
expressed in adult healing to be applied across model systems.

We hope to use murine normal development and natural heal-
ing to form and mature TECs for implantation and repair optimi-
zation (Fig. 15). This strategy will be most effective if we (a)
move horizontally, vertically, and even obliquely across species
and (b) create multidisciplinary teams in multiple sites using com-
mon model and tissue systems. Clearly translating FdTE discov-
eries to larger models will require (1) preclinical model systems
with common markers across species; (2) agreement on clinically
relevant injuries to pursue; (3) a systematic transition to larger
models, where surgeries are better controlled but repairs experi-
ence greater mechanical demands; and (4) small initial successes
that can be applied to other load-bearing musculoskeletal and car-
diovascular tissue systems.

Developing a comprehensive treatment strategy will involve
clinicians, bioengineers, biologists, and material scientists from
industry, academia, and government laboratories [70]. This plan
should use reverse tissue engineering that clearly defines the clini-
cal problem before initiating preclinical and then in vitro studies.
If properly conducted, the plan could engage many investigators

Fig. 14 Natural healing of murine central patellar tendon
defect injury. (a) Healing occurs slowly between 2 and 8 weeks
postinjury when compared to the normal tendon failure curve.
Estimated upper and lower peak in vivo force bounds are
shown (using rabbit results from Ref. [37] and goat results from
Ref. [33]) (from Ref. [81]). (b) Panels of genes for normal, sham,
and defect healing groups at 1, 2, and 3 weeks postsurgery ana-
lyzed using principal component analysis.

Fig. 15 A fundamental tissue engineering strategy that
seeks to more rapidly design, evaluate, and optimize tissue-
engineered constructs using normal tissue development,
natural healing, and TEC manipulation across species. Adapted
from Ref. [82].
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and secure the necessary funding to make rapid advances in iden-
tifying successful tissue engineering therapies.

Future efforts during the next wave of tissue engineering will
require a balance to find the “sweet spot” positioned among clini-
cal, biomechanical, and biologic needs. Tissue engineers will
need to tackle clinical problems using biological and biomechani-
cal strategies with rational design criteria and values that reflect a
successful outcome. This remains one of our greatest challenges
25 years after the field was first defined [108].

Future Grand Challenges and Opportunities for Young

Bioengineers

There are many grand challenges and opportunities for young
bioengineers as they advance the field of tissue engineering. Par-
ticularly important are those listed below.

Better Understand the Biomechanics and Biology of
“Normal.” A difficult task still facing the field is establishing
what is normal. For example, finding the mechanical design limits
for a repair means that we determine peak in vivo forces for actual
ADLs for relevant and frequently injured tissues, like the ACL.
Many investigators have estimated these forces by measuring sur-
face skin motions or bone-to-bone motions and then modeling
joint structures to compute individual tissue forces. Our approach
in the sheep has been to directly monitor vertical ground reaction
forces during controlled gait speeds and inclinations [109]
followed by recordings of 3D kinematics and ACL transducer
voltages after surgery. Similar to sheep studies performed by the
Calgary group [110,111], we have then used the instrumented
limb to drive a robot to replicate these motions in order to cali-
brate the transducer and to compute 3D ligament forces and joint
contact loads [109,112,113]. Once successful, this strategy sets
the mechanical design targets for even complex structures, like
the ACL. Once these tissue-specific limits are known, investiga-
tors can (a) better judge the merits of primary ligament repairs
and replacements in models like the sheep and (b) begin to esti-
mate ADL-related forces in humans [114–123]. In a similar man-
ner, developing complementary methods to monitor real-time
biological markers for various activities would be equally impact-
ful in formulating a more comprehensive set of benchmarks for
promising tissue engineering therapies.

Understand the Fundamentals and Fate of “Natural
Healing.” A natural temptation in tissue engineering is to imme-
diately seek cell- and/or scaffold-based therapies. However, it is
probably more important to first understand the natural healing
capacity of the injured tissue in the preclinical model of choice. If
spontaneous healing occurs in this simulation of the clinical
injury, it becomes hard to justify its use to study new and novel
treatments. Current efforts by one coauthor (N.A.D.) are tracking
the source, path, and timing of cells, attempting to fill the natural
healing defect in the murine PT (Fig. 16, top panels). These stud-
ies can identify intrinsic versus extrinsic cell sources and how
they contribute to natural healing and how they compare to cells
that drive development and growth. It will be important to deter-
mine conditions in which specific genes are either upregulated or
not present while bridging the defect gap. Linking these findings
to the biomechanical results also firmly establishes the degree to
which the tissue is capable of healing. As shown in Figs. 12 and
14, establishing the envelope between “normal” and “natural
healing” highlights opportunities to improve outcome and reveals
new biological (and biomechanical) therapies to more rapidly and
completely repair the wound site.

Look for “Similarities” and Not Just Differences. Those in
tissue engineering most often customize or individualize their
approaches to treating injury. For example, tissue engineers work-
ing to understand natural healing and to improve ligament repair
might adopt different strategies than those focused in tendon,
bone, or cartilage applications. Clearly, differences exist. Cartilag-
inous tissues may be the most problematic to successfully repair
and bone and muscle (with more pronounced vascularity) the easi-
est. However, there are likely connections between these tissue
subsystems that might warrant closer inspection. For example, we
are finding that “extrinsic” paratenon healing of patellar tendon
defect injuries (Fig. 16, top panels) resembles, in some respects,
“extrinsic” periosteal healing following creation of subcritical
defects in the midshaft of the murine femur (Fig. 16, bottom pan-
els). Cells migrate along the paratenon and the periosteum and
express scleraxis (Scx) and smooth muscle a actin (SMAA) in a
specific order over time. Knowing results from one subsystem
could benefit those working in the other. Those working in multi-
ple models or who collaborate with those who do improve their

Fig. 16 Tendon healing shares similar characteristics with bone healing. Central PT healing in the mouse (upper panel, cross-
sectional view) results in paratenon progenitor cells proliferating and migrating to form a bridge over the anterior surface of the
defect space. This response is similar to fracture callus formation in tibial fractures (lower panel). Scleraxis (Scx) GFP reporter
expression and smooth muscle actin a (SMAA) immunostaining (red) label potential early progenitor cells in these healing sce-
narios. White arrows indicate coexpressing cells.
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chances of finding promising candidates to heal more than one
wound type. Such connections may extend beyond the musculo-
skeletal field as well.

Test New Paradigms Using More Complete Roadmaps.
Future breakthroughs in tissue engineering will require revolu-
tionary as well as evolutionary paradigms with more comprehen-
sive roadmaps to guide the field. Many examples will certainly be
forthcoming. (1) While we have chosen to compare development
with natural healing to direct our TE strategies, there likely exists
a significant gap between the phenotypes of the cells contributing
to these two vastly different processes and between the mechani-
cal environments acting on these cells. It could prove useful to
generate TE strategies that move beyond development to incorpo-
rate tissue growth and maturation effects. The biological and me-
chanical environments change rapidly during these phases, and
understanding the direction and rate of these effects could lead to
new therapies for improved healing in the adult. (2) Tissue engi-
neering may also be quite valuable in studying developmental
biology, given its ability to control matrix chemistry and mechan-
ics combined with construct loading. (3) With regard to finding
similarities rather than differences, why not more fully compare
models of successful adult healing? What mechanobiological fea-
tures permit bone to remodel and regenerate while ligament and
articular cartilage heal poorly or not at all? Closer communication
among investigators working in these fields might lead to new
discoveries. (4) Do we need to develop more in vivo incubator
systems for creating novel tissue-engineered constructs rather
than in vitro chambers that slow the process and create less
realistic environments for TEC maturation? (5) How will novel
therapies discovered in the laboratory become more readily avail-
able to patients while still satisfying US Food and Drug Adminis-
tration panels that have tended to approve more conventional
approaches? (6) Scale-up and cost containment strategies are also
needed where cross-species connections are made, and large num-
bers of constructs are created of sufficient size and scale to meet
surgeon and patient expectations.

Tissue engineering remains a complex and quite interactive
process [69,74]. Cells and biomaterials are mixed in different
configurations to create a tissue-engineered construct that is of-
ten mechanically and/or chemically stimulated before surgery.
After surgery, various outcome measures (clinical, mechanical,
biological, and structural) are then used to assess the resulting
repair. Unfortunately, interactions among these steps means that
changes in any of them (e.g., cell density or material type) can
dramatically alter the final result. Utilizing a reverse tissue engi-
neering approach [70] that first broadly defines biomechanical
and biological repair functionality and design limits before cre-
ating clinically relevant preclinical models and beginning
in vitro experiments offers hope that tissue engineers will strate-
gically assess individual and combined effects of these impor-
tant TE factors. Bioengineers and future Lissner Medal winners
will and should play a critical role in this evolving design
process!
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