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ABSTRACT: Use of novel tissue engineering approaches to heal an injured anterior cruciate ligament (ACL) requires suture repair and/or
augmentation to provide joint stability. We evaluated the effects of the location of suture augmentation at the femur and tibia in terms of joint
stability using a goat model. Eight goat stifle joints were tested with augmentation sutures placed in two femoral tunnel locations: (1) anterior
to, or (2) through the ACL footprint, and two tibial tunnel locations: (1) medial to, or (2) medial and lateral to the footprint. Using a robotic/
universal force-moment sensor testing system, the anterior tibial translation (ATT) and the corresponding in situ force carried by the sutures
were obtained at 308, 608, and 908 of flexion in response to external loads. No significant differences were found between augmentation groups
due to tunnel location in terms of ATT or the in situ forces carried by the sutures at all flexion angles tested. Similar results were found under
5 N m of varus–valgus torque. Under a 67 N anterior tibial load, the ATT was restored to within 3 mm of the intact joint following suture
augmentation (p > 0.05). Suture augmentation, when placed close to the ACL insertion, could be helpful in providing initial joint stability to
aid ACL healing in the goat model. ß 2010 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 28:1373–1379,
2010
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The anterior cruciate ligament (ACL) is frequently
injured and has limited potential to heal.1–3 As such,
surgical reconstruction using soft tissue autografts is
often performed for active patients.4–6 However, longterm follow-up studies revealed that 20–25% of patients
have less than satisfactory results, with pain, loss of
range of motion, and other complications associated with
donor site morbidity,56 and 20–75%, eventually develop
osteoarthritis.7–10 Thus, there exists a need to develop
better approaches to treat ACL injuries. Recently,
there has been clinical interest11,12 and numerous
laboratory studies using functional tissue engineering13–17 to promote healing of an injured ACL. Nevertheless, healing following these new biological
approaches has been slow, and suture repair and/or
augmentation of the torn ends of the ACL is recommended to achieve initial knee stability and limit loss of
function and damage to other tissues, including the
medial collateral ligament, medial meniscus, and articular cartilage.18–24
A plethora of procedures exist for suture repair and
suture augmentation.17,20,25–28 In repair, the torn ACL
ends are either sutured to each other or sutured
separately and tensioned by passing the sutures through
bone tunnels drilled in the tibia and femur and fixing
them against the bone. In suture augmentation, the
sutures are passed directly from bone to bone and tied
under tension to yield better joint stability. However, the
locations of the bone tunnels used in these procedures
vary widely.17,20,25–28 On the femoral side, tunnels are
placed through the ACL footprint or directly anterior to
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the footprint (to avoid further injury to the ruptured ACL
tissue). On the tibial side, some place a single tunnel,
usually through or medial to the footprint, while others
use tunnels both medial and lateral to the footprint as an
additional support across the broad ACL insertion.
Fleming et al.20 stressed the importance of the tibial
tunnel location in the sagittal plane. Yet its role in the
frontal plane is less well known. The research question
becomes whether the location of the tunnels for suture
augmentation would impact initial joint stability.
Our objective was to evaluate the locations of the
tunnels in restoring joint stability [i.e., multiple degreeof-freedom (DOF) joint kinematics], following complete
ACL transection. We also determined the function of the
sutures by measuring the in situ force in the augmentation sutures. We hypothesized that sutures placed
through the ACL footprint at the femoral origin will
better restore kinematics compared to a more anterior
femoral tunnel placement because the location better
replicates that of the footprint. We also hypothesized
that the effect of tibial tunnel location is negligible as the
tunnels are placed similarly in the sagittal plane while
the slight difference in the frontal plane would result in a
minimal shift in the line of action of the sutures.
To accomplish our objective, goat stifle joints were
tested on a robotic/universal force-moment sensor (UFS)
testing system19,29,30 at 308, 608, and 908 of flexion. The
remaining five DOF kinematics of the intact, ACLdeficient, and suture augmented joints as well as the in
situ forces in the intact ACL and augmentation sutures
could be measured and compared. Due to the high
position accuracy and repeatability of the robotic/UFS
testing system, these measures can be determined in a
non-contact manner. Also, as all groups are compared
using the same set of joints, there is no interspecimen
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variability, and repeated measures statistics can be used
to compare groups.

METHODS
Eight fresh-frozen stifle joints from male, Boer goats (30–
40 kg) were obtained from a local abattoir. We have published
many studies using the goat model for ACL reconstruction.19,29
It offers a large joint for ease of surgery and proper
biomechanical testing. The joints were wrapped in salinesoaked gauze, stored in air-tight plastic bags, and kept frozen at
208C until the day prior to testing.31 After thawing overnight,
surrounding tissues (>10 cm proximal and distal to the joint)
were dissected. The femur and tibia were potted in epoxy for
testing (FiberGlass-Evercoat, Cincinnati, OH). Experiments
were performed at room temperature (218C) and 40%
humidity. The specimens were kept moist during dissection
and testing by spraying with 0.9% saline every 15–20 min to the
joint covered with gauze. A medial arthrotomy was performed
prior to testing to remove any potential influence on the results.
Specimens were then mounted onto the robotic/UFS testing
system,19,29,30 which records the six DOF joint motion applied
via a robotic manipulator (Puma Model 762; Unimate, Inc.,
Pittsburgh, PA). With force feedback from the UFS (Model
4015; JR3, Inc., Woodland, CA), the system can apply and
measure forces and moments to the stifle joint in 6-DOF.
A summary of the testing protocol is shown in Table 1. To
identify the neutral position, the joint was first moved in 18
increments from full extension to 908 of flexion, while the
positions, which minimized the forces and moments within the
joint, were recorded. These positions served as the reference
locations for the remainder of the protocol.
The robotic/UFS testing system was then operated in forcecontrol mode to apply external loads at the pre-selected flexion
angles, while the resulting five DOF motions [medial–lateral,
proximal–distal, anterior–posterior (AP) translations, and
internal–external and varus–valgus (VV) rotations] were
measured.19,29 Two loads were used: a 67 N AP tibial load
and a 5 N m VV torque. For the VV torque, internal–external
rotation was constrained using the robotic/UFS testing system
because of the large laxity of the goat stifle joint in this
rotational plane, which impacts the ability to apply the VV
torque. A preliminary study was performed to assess the

repeatability of the force measurements. A 67 N AP tibial load
was applied to a set of eight intact joints, and the resulting
kinematics were measured. For each joint, the same kinematics were repeated without altering the joint, while
measuring new forces. The robotic/UFS testing system could
repeat the applied load to within 6–9 N.
At each flexion angle, each loading condition was applied five
times. The amount of anterior tibial translation (ATT) was
monitored to ensure that no significant increases occurred
between loading cycles (<0.5 mm). Next, the bone tunnels were
created. To determine the influence of the tunnels, the
kinematics recorded for the intact joint were repeated by the
robotic manipulator while the UFS recorded a new set of forces
and moments. These were then compared to the values before
the tunnels were made. The difference in forces due to drilling
the tunnels (<5 N) were found to be similar to the repeatability
of our robotic/UFS testing system (6–9 N).
Then, the ACL was completely transected. By the principle of
superposition, the difference in the forces measured before and
after cutting the ACL was the in situ force carried by the ACL
under the applied loads.29,30 Then, the loading conditions were
again applied to determine the kinematics of the ACL-deficient
joint.
To determine the effect of tunnel locations for suture
augmentation, a two-way factorial design was used. Two
femoral tunnels were created and compared: a tunnel anterior
to the ACL footprint at the femoral origin (FA) and a tunnel
through the footprint at the origin (FT) (Fig. 1A). For the tibia,
two groups were compared: a single tunnel medial to the
footprint at the tibial insertion (TM) and tunnels medial and
lateral to the footprint at the insertion (TLM) (Fig. 1B). Thus,
four groups were compared (Table 2). For example, the
augmentation using the anterior femoral tunnel and a single
tibial tunnel was designated as Group 1 (FA/TM).
Each augmentation was created by passing two sutures (#2
Fiberwire; Arthrex, Memphis, TN) from the bone tunnels in the
femur and tibia. All procedures were done by the same surgeon.
For Groups 1 and 2, both sutures were passed through the
medial tibial tunnel. For Groups 3 and 4, one suture was passed
through the medial tibial tunnel and other through the lateral
tibial tunnel. The femoral tunnels were created using a free
hand technique and a 1.5 mm diameter drill bit. The tibial
tunnels were created using the same drill bit and a Protrac

Table 1. Experimental Protocol and Data Acquired
Protocol
I. Intact joint
Path of passive flexion-extension
External loading conditions
A. 67 N anterior tibial load
B. 5 N m varus–valgus moment
Transect ACL
Repeat kinematics (I.A, I.B)
II. ACL-deficient joint
Apply loads A and B
III. Augmented joint
Perform suture augmentation (random selection)
Apply loads A and B
Release sutures
Repeat kinematics (III.A, III.B)
Repeat III for each augmentation
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In situ forces in ACL
ACL-deficient joint kinematics

Augmented joint kinematics
In situ forces in sutures
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(6–9 N). For statistical analysis (SPSS software, Version 14.0;
SPSS, Inc., Chicago, IL), the ATT recorded for the augmentation
techniques were compared to each other and to the intact and
ACL-deficient conditions. The forces in the augmentation
sutures were compared among procedures and to the intact
ACL. The data were confirmed to be normally distributed by a
Kolmogorov–Smirnov test. As all groups were done on the same
joints, a repeated measures ANOVA was used. To determine
statistical differences among groups, Bonferroni post hoc tests
were done. Significance was set at p < 0.05.

RESULTS

Figure 1. Diagram depicting the tunnel locations for suture
augmentation. For FA, the tunnel was located anterior to the ACL
footprint at the femoral origin, while for FT, the tunnel was located
through the footprint at the origin (A). In the TM and TLM
augmentations, tunnels located medial and medial þ lateral to the
footprint at the tibial insertion were utilized, respectively (B).

tibial guide (Acufex, Smith & Nephew, Andover, MA). For
fixation, a large knot was created in the sutures, which was
pulled snugly against the outer femoral cortex, while button
fixation (Arthrex) was used on the tibial side at 608 of joint
flexion under maximum manual tension. After fixation, the two
external loading conditions were applied and the kinematics of
the augmented joint recorded. The in situ force carried by the
augmentation sutures was obtained by removing the sutures
and replaying the kinematics of the augmented joint.29,30 This
procedure was repeated for each augmentation. The order of the
augmentations was randomized.
An a priori power analysis performed using G*Power
software indicated that eight joints would be needed to detect
a mean difference of 3 mm in ATT and 10 N of in situ force
among groups with a ¼ 0.05 and a power of 0.8.32 The difference
in ATT was based on the clinical literature in which successful
reconstruction following ACL injury could restore translation to
within 2–3 mm at the time of surgery.4–6 The difference in in
situ force was chosen based on the repeatability of our system

For all experimental conditions, values for ATT were
higher at 308 and 608 in response to a 67 N anterior
tibial load and then decreased at 908 (Table 3). For the
intact joint, mean ATT ranged from 1.9 to 2.5 mm for the
flexion angles tested. Corresponding values for the ACLdeficient joint were 12.8–15.5 mm, representing a large
six- to sevenfold increase (p < 0.05). Following suture
augmentation, mean ATT was reduced to 2.5–5.2 mm
and were 10.3–11.2 mm lower than the ACL-deficient
joint for all three flexion angles (p < 0.05). More
importantly, no significant difference was found from
those of the intact joint (maximum difference of means
of 2.9, 2.4, and 1.3 mm at 308, 608, and 908, respectively,
p > 0.05). No significant differences occurred among the
four augmentation groups at the three flexion angles;
the largest difference was 0.8 mm (p > 0.05).
The intact ACL carried mean forces ranging from 56
to 69 N in response to the 67 N anterior tibial load (Table
3). Similar values were found for the sutures in all four
augmentation groups. The maximum difference in
means was only 11, 6, and 9 N from the intact ACL at
308, 608, and 908, respectively (p > 0.05). The only two
exceptions were that forces for Groups 1 (FA/TM) and 2
(FT/TM) were significantly lower than those for the
intact ACL at 308 (p < 0.05). When compared among the
four groups, the findings were the same as for ATT, with
no significant differences in the in situ forces (p > 0.05).
Kinematics for the 5 N m valgus torque are shown in
Table 4. For the intact joint, the highest and lowest
values occurred at 608 and 308, respectively. The trends
were different for the ACL-deficient and suture augmented conditions. Mean values for ATT for the intact
joint ranged from 0.3 to 0.2 mm for the three flexion
angles. With ACL-deficiency, the range of mean values
was 2.5–5.0 mm, although these increases were not
significantly different (p > 0.05). Following suture augmentation, mean ATT was reduced to 0.4–1.3 mm.
There was no significant difference from those of the

Table 2. Augmentation Procedures, Indicating the Location of the Femoral and Tibial Tunnels
Femoral Tunnel Location (Relative to ACL Origin)

Tibial tunnel location (relative to ACL insertion)
Medial tunnel only (TM)
Medial and lateral tunnels (TLM)

Anterior (FA)

Through Substance (FT)

Group 1 (FA/TM)
Group 3 (FA/TLM)

Group 2 (FT/TM)
Group 4 (FT/TLM)
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Table 3. Anterior Tibial Translation of the Joint (A) and In Situ Forces Carried by the Intact ACL and Augmentation
Sutures (B) in Response to a 67 N Anterior Tibial Load at 308, 608, and 908 of Flexion (Mean  SD)
A. Anterior Tibial Translation (mm)

Intact joint
ACL-deficient joint
Suture augmented joint
Group 1 (FA/TM)
Group 2 (FT/TM)
Group 3 (FA/TLM)
Group 4 (FT/TLM)

B. In situ Force of ACL/Sutures (N)

308

608

908

308

608

908

2.3  0.5
15.3  2.2*

2.5  0.5
15.5  3.0*

1.9  0.6
12.8  3.3*

69  6
NA

63  4
NA

56  7
NA

5.2  1.9
4.8  1.8
4.4  1.5
4.7  1.7

4.9  1.9
4.5  1.7
4.3  1.4
4.6  1.6

2.8  1.8
2.7  1.7
2.5  1.5
3.2  1.6

60  4**
58  7**
61  5
62  5

57  6
62  5
60  5
60  6

51  6
52  8
52  10
47  13

*p < 0.05 compared with all other joint conditions at the same flexion angle.
**p < 0.05 compared to intact joint at the same flexion angle.

intact joint (maximum difference in means of 1.6, 0.4,
and 0.4 mm at 308, 608, and 908, respectively, p > 0.05).
No significant differences occurred among the four
groups, with the largest difference reaching only
0.3 mm (p > 0.05).
The intact ACL carried mean forces ranging from
19 N at 908 to 31 N at 308 under the 5 N m valgus torque
(Table 4). Corresponding mean values for the augmentation sutures were not significantly different from the
intact ACL and ranged from 13 to 16 N (p > 0.05). When
compared among the four groups, no significant differences were found in the in situ forces (p > 0.05).
Kinematics in response to a 5 N m varus torque are
shown in Table 5. Similar to the valgus torque, the
intact joint had higher values at 908 and lower values at
308, while the opposite trends were observed for the
ACL-deficient and suture augmented conditions. Mean
ATT for the intact joint ranged from 0.2 to 0.5 mm for
the three flexion angles. With ACL-deficiency, the
corresponding range was 11.7–8.0 mm, which was an
increase of 7.5–11.9 mm (p < 0.05). After suture augmentation, the mean ATT was reduced to 1.4–4.2 mm.
At 308, the mean ATT for all augmentation groups was
about 4.0 mm greater than that of the intact joint
(p < 0.05). At 608, mean ATT for all groups was within
3.0 mm of that for the intact joint, with the only
significant difference between the intact joint and
Group 3 (FA/T2; p < 0.05). At 908, all augmentation

groups restored mean ATT to within 1.6 mm, and were
not significantly different from the intact joint
(p > 0.05). At all three angles, the values after augmentation were significantly lower than the ACL-deficient
joint (p < 0.05). No significant differences were found
between the augmentations, with a maximum difference in means of only 0.7 mm at 908 (p > 0.05).
The intact ACL carried mean forces ranging from 59 at
308 to 65 N at 908 under the 5 N m varus torque (Table 5).
At 308, the mean forces of all augmentations were 12–
16 N lower than those for the intact ACL (p < 0.05);
however, similar values were observed at 608 and 908
compared to those for the intact ACL (p > 0.05). When
comparing among the four groups, no significant differences occurred in the in situ forces carried by the sutures
(p > 0.05).

DISCUSSION
Use of the robotic/UFS testing system allowed data on
the multiple DOF kinematics of the intact, ACLdeficient, and suture augmented joints and the in situ
forces carried by the ACL and augmentation sutures in
response to externally applied loads to be compared in
the same set of goat stifle joints. Following ACL injury,
suture augmentation was important to restore initial
joint stability versus the ACL-deficient joint. However,
the location of bone tunnels had only minimal impact on
joint stability. Most importantly, the largest differences

Table 4. Anterior Tibial Translation of the Joint (A) and In Situ Forces Carried by the Intact ACL and Augmentation
Sutures (B) in Response to a 5 N m Valgus Torque at 308, 608, and 908 of Flexion (Mean  SD)
A. Anterior Tibial Translation (mm)
308
Intact joint
ACL-deficient joint
Suture augmented joint
Group 1 (FA/TM)
Group 2 (FT/TM)
Group 3 (FA/TLM)
Group 4 (FT/TLM)

608

908

B. In situ Force of ACL/Sutures (N)
308

608

908

0.3  0.4
4.7  4.5

0.2  0.7
5.0  6.1

0.0  1.2
2.5  4.8

31  13
NA

22  10
NA

19  8
NA

1.0  1.3
0.9  1.1
1.2  1.5
1.3  1.5

0.4  1.2
0.4  1.0
0.6  1.5
0.6  1.4

0.4  1.3
0.3  1.3
0.4  1.3
0.1  1.5

13  8
14  7
15  6
14  8

13  6
15  9
13  5
15  8

16  12
15  10
16  7
13  9
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Table 5. Anterior Tibial Translation of the Joint (A) and In Situ Forces Carried by the Intact ACL and Augmentation
Sutures (B) in Response to a 5 N m Varus Torque at 308, 608, and 908 of Flexion (Mean  SD)

Intact joint
ACL-deficient joint
Suture augmented joint
Group 1 (FA/TM)
Group 2 (FT/TM)
Group 3 (FA/TLM)
Group 4 (FT/TLM)

A. Anterior Tibial Translation (mm)

B. In situ Force of ACL/Sutures (N)

308
0.2  0.3
11.7  2.0*
4.0  2.0**
3.9  1.8**
3.9  1.5**
4.2  2.4**

608

908

308

608

908

0.3  0.4
11.2  1.6*

0.5  0.5
8.0  1.4*

59  7
NA

61  13
NA

65  16
NA

1.4  1.4
1.5  1.2
1.7  1.1
2.1  1.6

43  4**
44  7**
47  10**
43  6**

51  17
54  14
52  15
52  10

55  10
56  8
59  14
52  11

3.1  2.2
3.0  2.1
3.0  1.6**
3.4  2.5

*p < 0.05 compared with all other joint conditions at the same flexion angle.
**p < 0.05 compared to intact joint at the same flexion angle.

among the augmentation groups were only 0.8 mm of
ATT and 8 N of force in the sutures. Contrary to our
hypotheses, femoral and tibial tunnel locations for the
sutures had no significant effect of joint stability or the
force carried by the sutures.
Further, all four suture augmentation groups restored
joint kinematics to those of the joint with an intact ACL
with a few exceptions when the joint was subjected to a
67 N anterior tibial load or a 5 N m valgus torque. Also,
the in situ forces carried by the sutures were similar to
those for the normal ACL. For the 5 N m varus torque at
608 and 908 of joint flexion, all augmentation groups
could restore ATT and the in situ force carried by the
ACL; the only exception was that ATT for Group 3 was
significantly different from the intact joint at 608. At 308,
none of the augmentations could restore ATT or the in
situ force carried by the ACL. It should be noted that the
use of repeated measures statistics provided increased
power. Thus, small and consistent differences can
become significant, even if the difference in the values
of the means (10 N) was small and on the same order of
magnitude of the repeatability of our testing system.
Our data on tunnel location for suture augmentation
are consistent with those in the literature, where the
effect of femoral tunnel position has been extensively
studied in the human knee joint.7,33–37 Having a graft
placed within the ACL footprint at the femoral origin of
the ACL is important as it better restores knee stability.
In our study, the tunnels used for suture augmentation
were much smaller than those used for ACL reconstruction. This allowed the FA tunnel to be placed immediately
anterior to the footprint at the femoral origin, such that
the location of the FA and FT tunnels differed only by a
few millimeters, which may explain why no differences
due to femoral tunnel location were discernable under
either the anterior tibial load or the varus–valgus torque.
For tibial tunnel location, an augmentation suture
passing within the anterior or middle portion of the ACL
footprint at the tibial insertion in the sagittal plane
restores kinematics for ACL reconstruction using a soft
tissue graft7,33,34 or suture augmentation.20 However, in
the frontal plane, ACL grafts are usually placed within

the footprint at the tibial insertion.7,33,34,38 In using
biological stimulation to heal an ACL, it becomes
necessary to place the tunnels adjacent to the footprint
to avoid further damage to the injured ACL. In our study,
sutures placed both medial and lateral to the footprint
showed no biomechanical advantage when compared to
placing the augmentation sutures medial to the footprint
at the tibial insertion alone. Thus, the location of the
tibial tunnels in the frontal plane had no influence on
joint stability.
Our study has several limitations. First, the sample
size was chosen using a power analysis based on the
clinical literature and experimental limitations. The
changes in ATT and in situ force that would be important
for joint function is unknown and may be lower than the
power of this study. Second, the results for suture
augmentation were for the goat model and cannot be
extrapolated to the human knee. A study using human
cadaveric knees is warranted. Third, we used externally
applied loads similar to those used in a clinical examination for ACL function, rather than attempting to mimic
those during in vivo activities.39,40 Recently, our collaborators and others have developed biplanar fluoroscopy
imaging systems to record in vivo joint kinematics.41–43
These kinematics data could be repeated using our
robotic/UFS system such that the in situ forces in the
ACL and the augmentation sutures could be determined.
Such studies will be important to characterize the
function of the augmentation to enhance ACL healing.
As no significant change in anterior joint stability
occurred among these four suture augmentation procedures, our findings suggest that sutures be placed
anterior to the ACL footprint of the femoral origin and
medial to the footprint of the tibial insertion. Such an
approach allows for a simple surgical procedure, and the
augmentation would avoid further injury to the ACL.
Future studies should include examination of the
effects of additional suture strands, alternative suture
material, and the effects of repetitive cyclic loading to
optimize the procedure. For tissue engineering, the goal
of suture augmentation is to temporarily maintain joint
stability during early healing. Ideally, as the ACL heals,
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it would bear more load over time to allow successful
healing. In vivo animal studies to evaluate the effectiveness of suture repair and augmentation to restore joint
stability over time will be needed to examine the progress
of healing of an injured ACL. Nevertheless, we believe
our data can serve as a basis for guiding those studies
and eventually lead to the successful use of functional
tissue engineering to heal an injured ACL.
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