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ABSTRACT

Artificial tendons may be valuable clinical devices for replacing damaged or missing biological tendons. In this
preliminary study, we quantified the effect of polyester-suture-based artificial tendons on movement biome-
chanics. New Zealand White rabbits underwent surgical replacement of either the Achilles (n = 2) or tibialis
cranialis (TC, n = 2) biological tendons with artificial tendons. Once pre-surgery and weekly from 2 to 6 weeks
post-surgery, we quantified hindlimb kinematics and ground contact pressures during the stance phase of hop-
ping gait. Post-surgical movement biomechanics were either consistent or improved over time in both groups.
However, the Achilles group had greater overall biomechanical and muscle deficits than the TC group. In the TC
group, at 6 weeks post-surgery, foot angles were about 10° greater than those in healthy controls during the first
30 % of stance. At 6 weeks post-surgery, the Achilles group exhibited lesser (i.e., more dorsiflexed) ankle angles
(minimum angle = 31.5 + 9.4°) and vertical ground reaction forces (37.4 + 2.6 %BW) during stance than those
in healthy controls (65.0 + 11.2° and 50.2 + 8.3 %BW, respectively). Future studies are needed to quantify long-
term biomechanical function with artificial tendons, the effect of artificial tendons on muscle function and
structure, and the effect of formal rehabilitation.

1. Introduction

to replace them with an artificial tendon (Murray and Semple, 1979).
One recent artificial tendon design consisted of braided strands of

Biological tendons, the anatomical links between muscles and bones,
transmit forces and store and release elastic potential energy. These
functions are compromised following conditions such as acute tendon
rupture (Leppilahti and Orava, 1998; Leppilahti et al., 1996; Nistor,
1981) and rotator cuff tear (Yamamoto et al., 2010). Amputation may
also damage or remove part or all of the tendons (Early, 1999; Jones and
Davidson, 1999), which may affect the success of emergent limb
reconstruction methods (Clites et al., 2018; Hall et al., 2021). When
direct tendon repair fails or is contraindicated, autologous tendon grafts
may be used (Feibel and Bernacki, 2003), potentially leading to donor
site morbidity.

One potential treatment for severely damaged or missing tendons is
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polyester microfiber suture (Melvin et al., 2011; Melvin et al., 2010;
Melvin et al., 2012; Melvin et al., 2003). These previous studies showed
that the muscle cells closely integrated with the polyester microfibers,
with little scar tissue formation. This likely contributed to their obser-
vation that the resulting muscle-artificial tendon junction was stronger
than the muscle itself. These outcomes were achieved up to 180 days
post-surgery for attachment of the quadriceps muscle in goats, a high-
load application (Melvin et al., 2012).

A major existing knowledge gap that precludes more widespread
clinical translation of artificial tendons is their effect on movement
biomechanics. Artificial tendons may have mechanical properties (e.g.,
stiffness) and length that differ from those of the biological tendons they
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replace. Such differences could affect musculoskeletal and movement
biomechanics based on well-known mathematical relationships (e.g.,
muscle-tendon force-length relationship) defined from empirical ob-
servations (Zajac, 1989). Potential biomechanical functional changes
may induce changes in muscle structure (Stenroth et al., 2012), which
would further affect function. Finally, how the artificial tendon in-
tegrates with muscle and surrounding tissues, including potential
foreign body reactions (Holmdahl et al., 1997), may affect tendon
sliding and force transmission.

The goal of this preliminary study was to quantify the effect of a
suture-based artificial tendon on movement biomechanics in a rabbit
model. We hypothesized that movement biomechanics would indicate
impaired function immediately following surgery, with subsequent re-
covery toward pre-surgical levels by 6 weeks post-surgery.

2. Methods

The design of the artificial tendons (Fig. S1, see supplemental ma-
terial) was based on the prostheses developed by Melvin, et al. (Melvin
etal., 2011; Melvin et al., 2010). We used customized USP size 0 braided
polyester suture cut to 12” length and double-armed with swaged 3/8-
circle taper point needles (0.028” wire diameter) (RK Manufacturing
Corp, Danbury, CT, USA). The sutures were grouped into bundles of 3
strands for the Achilles tendon and 2 strands for the TC tendon. The
suture bundles were folded in half and braided. The braided section was
coated in biocompatible silicone (BIO LSR M340, Elkem Silicones, Lyon,
FR) to discourage buildup of fibrotic adhesions. The artificial tendons
were cleaned and sterilized before surgery.

All animal procedures were approved by the University of Tennessee,
Knoxville Institutional Animal Care and Use Committee. Four New
Zealand White rabbits (16 weeks old, 3.40 + 0.26 kg at the time of
surgery) were divided into two equal groups to undergo surgical
replacement of either the Achilles or TC biological insertion tendon with
an artificial tendon. Under anesthesia, the respective biological tendon
was excised from the muscle-tendon junction to the bony insertion
point. The artificial tendon was sewn into the proximal end of the muscle
as previously described (Melvin et al., 2010). We attached the artificial
tendon to the bone using a suture anchor (Table S1) into either the su-
perior aspect of the calcaneus (Achilles) or the lateral aspect of the talus
(tibialis cranialis).

The limb was bandaged for about two weeks immediately post-
surgery to protect the sutured incision and to partially immobilize the
ankle during initial muscle-tendon healing and integration. To monitor
the integrity of the artificial tendon in vivo, we performed radiography
of the operated limb every other week, starting on the day of surgery.
After bandages were removed, the rabbits were given pen time to pro-
mote limb use.

Each rabbit underwent 6 biomechanics testing sessions: once the
week before surgery (WO0) and at weeks 2-6 post-surgery (W2-W6).
During each test session, we collected biomechanical data for up to five
successful (i.e., hopping without stopping) trials of hopping along a
runway. As previously described (Hall et al., 2022), we first recorded
sagittal plane video and ground contact pressures synchronously from
the operated limb at 60 Hz using a webcam (1080P HD Webcam,
SVPRO) and pressure mat (Tekscan, Very HR Walkway 4; South Boston,
MA), respectively.

From videos, we computed hindlimb ankle angles and foot angles (i.
e., angle between foot and ground); angle definitions are shown in Fig. 1.
Vertical ground reaction forces (vGRF) were extracted from the pressure
mat data using proprietary software (Walkway, Tekscan, Inc., Norwood,
MA, USA) and expressed as a percentage of body weight (%BW). Finally,
we computed the stance duration as the length of time over which the
total ground contact pressure for a given hindlimb was greater than zero.
Biomechanical data were computed only for the stance phase of hopping
since the low sampling frequency (60 Hz) of the video data precluded
accurate marker tracking during swing phase.
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Fig. 1. Ankle (top) and foot (bottom) angles during the stance phase of hopping
gait at 6 weeks post-surgery. Each curve represents the mean of 5 trials. Healthy
control data from (Hall et al., 2022).

Due to our study’s low sample size in this preliminary study, we
qualitatively compared sample values and summary statistics (e.g.,
arithmetic means) between groups and among timepoints.

3. Results

Radiographs appeared to indicate that artificial tendons remained
attached to the suture anchors. However, post-mortem dissection
revealed that, in one rabbit in the Achilles group, the artificial tendon
had separated from the suture anchor. There was substantial fibrous scar
tissue around the anchor and distal end of the artificial tendon that
appeared to anchor the artificial tendon to the bone (Fig. S2). Biome-
chanical results were similar between the two rabbits in the Achilles
group and, therefore, are not distinguished by rabbit in this paper.

At 6 weeks post-surgery, foot angles in the TC group were about 10°
larger than in healthy controls for the first 30 % of stance phase. The
Achilles group had substantially smaller ankle and foot angles than the
tibialis cranialis (TC) group and healthy controls (Fig. 1). Whereas the
ankle was plantarflexed (>90°) after 70 % stance in the TC and healthy
control groups, the ankle remained dorsiflexed throughout most of
stance in the Achilles group. Despite remaining in a dorsiflexed posture,
the ankle angle in the Achilles group increased (i.e., became less dor-
siflexed) after about 55 % stance, compared to about 40 % stance in
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healthy controls.

Across all test sessions, joint angle extrema were similar between the
TC group and healthy controls (Fig. 2) except that minimum foot angles
remained ~10° higher in the TC group than in healthy controls from 2 to
6 weeks post-surgery. In the Achilles group, the maximum ankle angle
decreased by an average of 46 % from pre-surgery to 2 weeks post-
surgery but recovered by 40 % from 2 to 6 weeks post-surgery.
Maximum foot angle in the Achilles group decreased by an average of
45 % from pre-surgery to 2 weeks post-surgery and did not substantially
recover by 6 weeks post-surgery.

By 6 weeks post-surgery, compared to healthy controls, net vertical
ground reaction forces (vGRFs) were generally higher in the TC group
and lower in the Achilles group throughout stance (Fig. 3). From pre-
surgery to 2 weeks post-surgery, maximum vGRF decreased by 24 %
and 56 %, on average, in the TC and Achilles groups, respectively
(Fig. 4). Subsequently, from 2 to 6 weeks post-surgery, maximum VvGRF
increased by 39 % and 72 %, on average, in the TC and Achilles groups,
respectively. At 6 weeks post-surgery, maximum vGRF was 10 % higher
in the TC group (55.2 + 18.2 %BW) than in healthy controls (50.2 + 8.3
%BW). Conversely, maximum vGRF was 26 % lower in the Achilles
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Fig. 2. Ankle (top) and foot (bottom) ankle extrema across pre- and post-
surgery test sessions. Each point represents the mean of 4-5 trials. Lines
represent the mean across rabbits in each group. Healthy control data from
(Hall et al., 2022).
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Fig. 3. Net vertical ground reaction force (vGRF) during the stance phase of
hopping gait at 6 weeks post-surgery. Each curve represents the mean of 5 trials
for one rabbit. Healthy control data from (Hall et al., 2022).
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Fig. 4. Maximum vertical ground reaction force (vGRF) across pre- and post-
surgery test sessions. Each point represents the mean of 4-5 trials for one rab-
bit. Lines represent the mean across rabbits in each group. Healthy control data
from (Hall et al., 2022).

pre-surgery

group (37.4 + 2.6 %BW) than in healthy controls.

On average, for both groups, stance duration remained lesser post-
surgery compared to pre-surgery values (Fig. S3). However, the mean
stance duration for both groups remained within + 1 standard deviation
across all test sessions.

4. Discussion

Consistend with our hypothesis, rabbits in the Achilles group
exhibited biomechanical impairment from WO to W2 followed by some
biomechanical recovery from W2 to W6. Conversely, rabbits in the
tibialis cranialis (TC) group exhibited near-normal locomotor biome-
chanics across test sessions. One likely explanation for the difference
between groups is that the mechanical load is expected to be greater in
the Achilles tendon than in the TC tendon during stance. This is because
ankle plantarflexion torque, typically generated by the triceps surae-
Achilles muscle-tendon unit (Lieber and Blevins, 1989), contributes to
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body weight support and forward propulsion during stance.

Differences in mechanical properties between artificial and biolog-
ical tendons are unknown but have critical implications for both
movement biomechanics and muscle architecture. For example, with
more compliant tendons, muscles experience greater excursion during
contraction, distorting the muscle-tendon force-length relationship
(Zajac, 1989). In humans, higher tendon stiffness is associated with
greater muscle mass and muscle fiber length, though a causal relation-
ship has not yet been established (Stenroth et al., 2012). Artificial ten-
dons provide a unique opportunity to investigate acute and chronic
effects of tendon stiffness and to tune tendon stiffness based on patient-
specific needs.

Foreign body reactions can induce the formation of a fibrous,
collagenous capsule (Noskovicova et al., 2021) that could interfere with
the function of implanted devices, like the artificial tendon, that move
relative to surrounding tissues. In our study, ex vivo dissection of one
rabbit in the Achilles group revealed fibrotic tissue that appeared to fuse
the artificial tendon to the flexor digitorum insertion tendon proximal to
the ankle joint. In the other rabbits, qualitatively, the fibrosis was not as
severe. Future studies are needed to quantify (1) the extent of fibrosis,
(2) the effect of fibrosis on in vivo muscle-tendon mechanics, and (3) the
effectiveness of strategies to reduce fibrosis.

A potential confounding factor was that, in one rabbit in the Achilles
group, the artificial tendon separated from the suture anchor sometime
after surgery. From radiographs, it is unclear when separation occurred
since the suture connecting the artificial tendon to the anchor is radio-
lucent. The separation did not seem to affect biomechanical outcomes
since they were qualitatively similar between the two rabbits in the
Achilles group. The similarity in outcomes may have been due to the scar
tissue which, despite the anchor failure, mechanically linked the artifi-
cial tendon with the suture anchor and bone. Suture anchor failure is
undesirable, so additional testing is needed to identify the mechanism of
failure and prevention strategies.

Our study had several other limitations. First, though we had mul-
tiple tendon sizes available (in 2 mm increments) during surgery, we did
not have a way to adjust the length of the artificial tendon intra-
operatively; this may have led to a length mismatch between the arti-
ficial tendon and the replaced biological tendon. Second, since our
sample size was small, we chose to perform qualitative, rather than
statistical, comparisons; however, data were consistent between rabbits
in each group. Third, due to hardware limitations, we measured
biomechanics only from the operated hindlimb and only during stance
phase. In future studies, we plan to upgrade our equipment to permit
simultaneous bilateral data collection of both stance and swing phases of
gait. Finally, the scope and duration of the study was limited to
biomechanics up to 6 weeks post-surgery. To support clinical trans-
lation, future studies are needed to investigate other important aspects
of artificial tendons, such as mechanical properties, long-term in vivo
viability, possible effects of pain on biomechanics, biochemical tissue-
material interactions, and effects on muscle force production.

In conclusion, our preliminary results showed, promisingly, that
rabbits with an artificial tendon either maintained or recovered loco-
motor function. In future studies, we plan to (1) measure function for
longer duration, (2) quantify the effect of artificial tendons on muscle
force and architecture, and (3) implement structured rehabilitation to
improve functional recovery. Our results can inform the development
and clinical translation of artificial tendons for patients with irreparable
tendon pathologies and defects.
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