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ABSTRACT OF THE THESIS

Effects of Tendon Viscoelasticity on the Distribution of Forces Across Sutures in

Model Tendon-to-bone Repair

by
Yuxuan Huang
Master of Science in Mechanical Engineering
Washington University in St. Louis, December 2021

Research Advisor: Professor Guy Genin

Tears to the rotator cuff often require surgical repair. These repairs often culminate in
re-tearing when sutures break through the tendon in the weeks following repair. Numerous
studies have been performed to identify suturing strategies that reduce this risk by balancing
forces across sutures. However, the structural engineering basis for these approaches is still
emerging, and the effects of tendon mechanics on load balancing is still unclear. Specifically,
the effects of the viscoelastic nature of tendon on load sharing have not been established.
With the aim of providing insight into this problem, this thesis studies how tendon viscoelas-
ticity, tendon stiffness, and structural features such as the spacing of suture anchors affects
the balance of forces across sutures. A discrete shear lag approach was developed, and the
equations were solved numerically. Results from a model, three-row sutured re-attachment
demonstrated that optimized distributions of suture stiffnesses and of the spacing of suture
anchors can balance the forces across sutures to within a few percent, even when account-
ing for tendon viscoelasticity. Non-optimized distributions resulted in concentrated force,
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typically in the outermost sutures. The mathematical framework provides a foundation
for optimizing suturing strategies, and results underscore the importance of accounting for

viscoelastic effects in the design of tendon to bone repairs.
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Chapter 1

Tendon-to-bone repair

1.1 Introduction

Tears to the rotator cuff often require surgical repair. These repairs often culminate in
re-tearing when sutures break through the tendon in the weeks following repair. Although
numerous studies have been performed to identify suturing strategies that reduce this risk
by balancing forces across sutures, none have accounted for how the viscoelastic nature
of tendon influences load sharing. With the aim of providing insight into this problem,
we studied how tendon viscoelasticity, tendon stiffness, and suture anchor spacing affect
this balancing of forces across sutures. Results from a model of a three-row sutured re-
attachment demonstrated that optimized distributions of suture stiffnesses and of the spacing
of suture anchors can balance the forces across sutures to within a few percent, even when
accounting for tendon viscoelasticity. Non-optimized distributions resulted in concentrated
force, typically in the outermost sutures. Results underscore the importance of accounting

for viscoelastic effects in the design of tendon to bone repairs.

1.2 Methods

1.2.1 Model

A discrete viscoelastic shear-lag type model was studied for the purpose of illustrating how
viscoelasticity affects the attachment in the context of tendon-to-bone attachment repair.
1



The model consisted of three rows of idealized sutures affixed to immovable bone anchors at
one end and to prescribed positions on a tendon at the other end (Fig. 1.1). The tendon
was loaded with a horizontal force F'(¢) at one end, and was free at the other end. The
magnitude of the force was ramped linearly from 0 to the peak value Fy at a constant
rate I, then maintained at a constant level Fy as the displacement &, of the loading point

increased with time.

1.2.2 Constitutive Laws

Each row of sutures was treated as a linear spring with the stiffness of the n'* row from
the end of the tendon denoted k,,. Tendon segments were modeled as linear viscoelastic
elements whose behavior is described by a three-parameter model (Fig. 1.2). This choice was
made because a three-parameter model was the simplest that could replicate experimental
observations in a meaningful way: the three-parameter model captures both creep and stress

relaxation so that that models a material with some long-term, slow loading elasticity [31].

In Fig. 1.2, the system represents the n!* segment of tendon; segment 1 stretches from the
loading point to the first suture row. K,; and K,s are the two stiffness parameters and the
sum K, + K, was used to normalize suture row stiffness. In simulations in which spacings
between suture rows were varied, the stiffnesses K,,; and K, both inversely proportionally
to the anchor suture spacing. H,, is the viscosity of the tendon segment, which controls how

fast the tendon reacts to the force.

To fit the baseline model to stress relaxation data for a rat supraspinatus tendon (dashed
line, Fig. 1.3), a two timescale method was used, with separate fits for data in the 0-10 s
and 10-550 s ranges. Short term parameters were K,; = 11.5 N/m,K,» = 8.51 N/m and
H, = 26.IN- s/m, and long term parameters were K,; = 12.8 N/m,K,» = 5 N/m and
H,, = 1270 N- s/m [30].



F(t) 6 |

Figure 1.1: Tendon to bone repair model. (A) Traditional suture repair technique, with two
rows of single sutures in the tendon. Note that bone anchor screws, not shown, lie beneath
the two suture insertion points in the tendon. (B) A three-row suture repair scheme, and the
simplified model system analyzed (bone anchors are not shown). (C)The simplified system
using 2D schematic. The bone-suture anchors are fixed at bone.



H,

Figure 1.2: Three-parameter solid model used to represent individual segments of tendon.
Each segment n had individual stiffness parameters K,; and K,5, and viscosity parameter
H,,, which varied with segment length and spacing between rows of sutures. F),(t) is the
force applied to the segment.

1.2.3 Governing Equations

Kinematics. In the subsequent analysis, A, () is the deformation of segment n relative to
its unloaded and undeformed reference length at time ¢, and was obtained as the difference
between the displacements of two consecutive rows of sutures, A, () = 6, (t) — d,41(t) (Fig.

1.1). The rate of deformation of that segment was denoted by A, (t).

Constitutive Equations. The three-parameter model force-displacement relationships for each
tendon segment are derived below. Neglecting inertial terms, the force F,(t) in tendon
segment n at time ¢ in the parallel arrangement of the dashpot and spring can be written:

Fo(t) = Ky AP (1) + H,0,AP (t) = (K1 4 0,H,) AP (t) (1.1)

n

where F(t) is the force applied to the spring-dashpot system (Fig. 1.2), H, is the dashpot
viscosity, K, is the parallel spring stiffness, AP is the elongation corresponding to the
parallel portion of the spring-dashpot system (K,; and H,), and 0;() = d()/dt. This force
equals to that on the spring of stiffness K, in the right side of the model (Fig. 1.3), so that
F.(t) = KA (t), where A is the elongation of the spring K.

Equations of Motion. To write this in terms of the overall displacement of the tendon
segment, A, (t) = AP (t) + AP(t), we note that AL (t) = F(t)/Kp, AP(1) = An(t) —
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Figure 1.3: Curve fit of stress relaxation data of rat supraspinatus tendon using three-
parameter model: short term and long term fit using the three-parameter model. Short

term parameters: K,; = 11.4 N/m,K,5 = 851 N/m and H,, = 26.0 N-s/m and long term
parameters: K,; = 12.8 N/m,K,, =5 N/m and H, = 1270 N- s/m.[30]



F(t)/ K2, and write:

zmw:mm+m@<gm_ﬂﬁv (1.2)

By reorganizing the terms one obtains:

Kot An(t) + Hy Ay (1) = =222 p(g) + 2 F() (1.3)

The force transmitted through the tendon to the n'" row of sutures is k,d,, where k, is the
stiffness of the n'® row of suture. This is resisted by tension from the segment of tendon
to the left, F,,_1, and tension from the segment of tendon to the right, F;,, so that so that
F, = F,_1 — k,0,. This force F,, can be substituted into Eq. (1.3) for each suture row.
The elongation A,, in Eq. (1.3) can be expressed as d,, — 0,1 for the corresponding tendon

segment.

Additionally, the following condition of equilibrium must be satisfied at each time ¢:

F(t) - ]{3151 —+ k262 -+ /{?353 (14)

By utilizing the relationship above and applying Eqgs.(1.3) and (1.4) to each tendon segment,

we obtained three equations of motion that can be written in state space form as:

[K][6) + [H][o] = [F] (1.5)

where [6] and [] are vectors of nodal displacements and displacement rates, the stiffness
matrix [K] is
K — K 0
[K]=10 Kyu+ak — Ky (1.6)
0 aki+P2Ks aky+ Ks + 2Ky

The damping matrix [H] can be written as

H, —H, 0
[H] =10 KH—;kl + Ho —H, (1.7)
Pk + B Hs Hy+ {2k, + 2 Hs



and the vector of nodal forces [F] is:

t) + F(t)Hl

( Ko
(

[F] = aF (t) + Bt (1.8)

(a4 BV F(t) + F(t) (£ + 1)
In the above equations, o = (K1 + K,2)/(K,2); because the numerator and denominator
vary inversely with tendon length, « is independent of the length of segments. Parameters
H,, K,i, and K, depend on the lengths of the tendon segments. However, they share the
following relationship with L;/Ly:
Ly Hi Ky Ky

e == 1.9
Ly Hy Kun K (1.9

1.2.4 Numerical Methods

The form of the third row in equations (1.5)-(1.8) differed from that of the other two with
more terms involved. The reason for this was that including this row based upon equilibrium
of the third node caused the matrix [K] to become non-invertible, which resulted in a non-
solvable system of equations. To circumvent this problem, the equation of the last row of
sutures was replaced in the state space equations with the equation for equilibrium of the

entire sutured repair (Eq. (1.4)).

The numerical solution of the state space ODEs was obtained using procedures built into
the MATLAB (The Mathworks, Natick, MA) environment (ODE23s). Two sets of ODE
functions with short and long term parameters were coded and the final displacement for
the short term behavior was used as the initial condition for the long term ODE to evaluate

the long term behavior.



1.3 Results

To investigate how the stiffness and anchor positions of rows of sutures can affect the force
distribution over the repair, we varied the stiffnesses k,, and the lengths of the tendon seg-
ments secured between anchors. As described above, the relationship between the lengths
of the tendon segments and the mechanical properties of these segments were chosen so that
Li/Ly = Hi/Hy = Ky /K11 = Koo/K2. To analyze the relationship between suture row
and force distribution, suture stiffnesses were normalized with respect to K, + K,» = 17.8

N/m, taken from the long term viscoelastic relaxation data.

When the force on the end of the tendon was ramped to a prescribed value, the forces in
all three suture rows increased. Because the relaxation timescales for tendon (~ 2 — 100 s)
were slower than the 1 s muscle force ramp time, the distribution of forces over three rows
of sutures varied over time (Fig. 1.4) in the manner that depended upon the stiffnesses of

the sutures and their spacing.

To evaluate the effects of suture row stiffness on the distributions of force, we plotted the
suture row force distributions immediately after the application of the loading ramp (Fig.
1.5a) and the steady state distributions (Fig. 1.5b), which in all cases were reached within
a few percent after 300 s of loading. In the case plotted in Fig. 1.5, suture rows were spaced
equally, and tendon segments all had the same mechanical properties: K1 = K91 = K3y,
Kis = Koy = Ks9, and Hy = Hy = Hs. The third suture row had fixed stiffness k3 =
K31 + Ksg, the ratio ky/ks = 0.106 was kept constant, and the stiffness ko was varied. In
cases where ko and k3 were less stiff than the stiffness of the tendon, suture row 2 was subject
to the largest force. As the suture row stiffness increased, suture row 1 became subject to a

higher force than suture row 2 at both the beginning of loading and in the steady phase.

The maximum forces in each suture row over the entire loading duration did not vary mono-
tonically with suture row stiffness due to transitions in the time at which peak loading was
achieved (Fig. 1.5c). This plot was generated by finding the maximum force amongst all
three suture rows for each set of stiffness parameters over the entire loading interval, then
finding the forces in the other suture rows at that point in time. For lower values of k5, the
peak force occurred immediately after loading in the third suture row, following the trend

seen in Fig. 1.5a. For higher values of of ks, the peak occurred in the second suture row,

8
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Figure 1.4: Forces on the sutures corresponding to three combinations of suture row stiffness
ratio. (a) Suture row 1, (b) Suture row 2, (c) Suture row 3.

following the trend observed in Fig. 1.5b. At the transition, the peak force occurred in the
first suture row, as in Fig. 1.5b. A rapid transition between suture row 2 and suture row 3
could be seen, arising from the viscoelasticity of the tendon: immediately after the loading
ramp, the force in suture row 2 was lower than that in suture row 3, but with time, relaxation
in the tendon caused a shift in both the position and time of peak force as is observed in Fig.
1.5d. Results demonstrated that the stiffness ratio k; /ks is critical to the force distribution.
Variations of the values of k;/ky can cause the maximum force in the suture rows to change

by a factor of 2, without altering ko and k3 values.

The specific set of parameters used for Fig. 1.5d was chosen for illustration. To evaluate
the space of possible solutions more generally, a contour plot of peak force across the suture
9
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Figure 1.5: Suture row forces depended on time in ways that varied with the relative elastic
stiffnesses of the suture rows. Here, K11 = Ko = K31, K19 = Koy = K39, and Hy = Hy = Hj,
while k3 = (K31 + K32) was kept constant, ky/ks = 0.106, and ko was varied. (a) Forces
immediately after the 1 s loading ramp. (b) Forces at steady state. (¢) Maximum forces in
the suture rows over a loading cycle. (d) Maximum force among three suture rows in case
where ko = k3, with variable ratios of k;/ks, as a function of ky /(K1 + Kp2).

rows was plotted for varying values of k;/ks and ko/ks, with k3 = K3 + K3y and suture
row spacing fixed at Ly/Ly = 0.72. In the contour plot (Fig. 1.6), a (dark blue) minimum
force concentration could be seen for a specific combination of suture row stiffness. The
space of solutions had a generally triangular appearance, with solutions with high ki /ks3

corresponding to the peak force occurring in suture row 1, solutions with low k; /k3 and high

10



ks /ks corresponding to peak force occurring in suture row 2, and solutions with low k;/k3
and ky/ks corresponding to peak force occurring in suture row 3. At the optimum, forces
were distributed nearly equally across all three suture rows, with the maximum suture row

force being 38.2% of the overall applied force.

To demonstrate the effect of suture row spacing on force balancing, for one set of parameters,
the analysis was performed using the optimum suture row stiffness ratio observed in Fig.
1.6 (k1/ks = 0.106 and ko/ks = 0.263). As distance L, between the first two suture rows
increased relative that of the distance Ly between the second two suture rows (increasing
Li/Ls), the fraction of the total forced carried by suture row 1 increased, while the fractions
carried by suture rows 2 and 3 both decreased (Fig. 1.7). When the first two suture rows were
close (low L;/Ls ratio), the peak load moved to the second suture row, and the minimum
moved to first suture row. For an optimal length ratio near L;/L, =0.72, the forces the

suture rows were nearly balanced.

To illustrate the inter-related effects of suture row spacing and suture row stiffnesses on
force balancing, Ly/Ls and ky/ks were varied, while k3 = K31 + K35 and the stiffness ratio
k1/ks = 0.106 were constant (Fig. 1.8). The resulting contour plot showed a (dark blue)
minimum of 38.2% as the peak fraction of the total force taken by a suture row. Once
more, the space of solutions had a generally triangular shape, solutions with high ks /k; and
low Li/Lsy corresponding to high peak force on suture row 2, solutions with low L;/L, and
ks / k3 corresponding to peak force occurring in suture row 3, and solutions with high L; /Lo
corresponding to peak force occurring in suture row 1. A discontinuity in slope was evident
in the contours in the upper left of the plot, indicative of a shift of force balance over time

associated with viscoelastic effects.

1.7.

1.3.1 Discussion

Biomaterials, including tendons and ligaments, are in general viscoelastic. In the present
study, we considered the distribution of forces in suture rows and tendon in a tendon tear

repair employing three suture rows, and found that tissue viscoelasticity led to a rebalancing

11
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Figure 1.6: Effect of relative stiffness of tendon segments on the maximum force in the most
loaded segment. Tendon segment length ratio Li/Ls at 0.72 and varying kq/ks, k1 /ks. The
vertical colorbar to the right of the color map shows the range of the maximum force on
suture rows with forces varying from high (yellow color) to low (blue color).

of forces over time. The initial balance of forces and its variation over time was a strong
function of the relative stiffnesses and anchor spacing of the suture rows. Results suggest
that, by adjusting these parameters, a surgeon may be able to increase repair strength
balancing forces over the three rows of sutures. While the strength of typical sutures is not
affected by such optimization, the issue is important to the strength of the repair because
suture pull-out forces are related to the stress concentration at the anchoring points of the

sutures, and balancing forces thus reduces the peak stress within a tendon.

Using the solution obtained by the viscoelastic model introduced in the paper, the difference
between short-term and long-term force duration responses was observed in Figs. 1.5a and
1.5b. In equally spaced suture rows of equal stiffness, the largest force is transmitted through
suture row 1 (the outermost suture row), while the other suture rows are underloaded. A
benefit of the optimization of the repair was clearly evident from Fig. 1.4 where variations of

the suture row stiffnesses lead to a much more balanced force distribution compared to less

12
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Figure 1.7: Suture row locations versus the suture row forces in parameter studies k;/k3 =
0.106 and ky/ks = 0.263

efficient designs. Varying the stiffness of suture rows 1 (outermost suture row) and 2 (middle
suture row) (Fig. 1.7) balanced forces to the point that the maximum force in any suture
row over time was 38.2% of the applied external force, representing a significant reduction

compared to alternative “non-optimum” designs.

The model contains many idealizations that need to be mentioned. Suture rows were mod-
eled as linear elastic springs, while the tendon sections between the anchoring points were
analyzed using a three-parameter linear viscoelastic model, accounting for their elastic and
viscous properties. The response of the repair idealized as explained here was considered,
concentrating on the relative stiffness and positioning of three suture rows to achieve a de-
sirable force distribution. Even better results may be possible by combining sutures with an
adhesive layer bonding tendon to bone ([2, 20]). Similar ideas of combined bolted-bonded
attachments have been considered in repairs of aerospace structures (e.g., [9]) and proven

effective.

13
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Figure 1.8: Peak fraction of the applied force acting on a row of sutures as a function of
suture row stiffness and tendon segment length ratio, with k;/ks = 0.106.

1.3.2 Conclusion

Conventional rotator cuff repair techniques introduce high stress concentrations in the ten-
dons that often leads to repair failure. Some of these stress concentrations can be alleviated
by altering the anchor suture spacing and the stiffness of the suture rows. In the present
study, we considered an alternative design employing suture rows with different stiffnesses
and unequal anchor suture spacing to achieve a more even distribution of the forces. More-
over, we accounted for viscoelastic effects in the tendon. The optimization conducted for a
three-suture row model suggested that relatively simple adjustments to current repair tech-
niques can result in a much more favorable distribution of forces across the suture rows,

reducing stress concentrations in the tendon.

14
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