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Anterior Cruciate Ligament Forces
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Thomas J. Gill,* MD, and Guoan Li,*§ PhD
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Orthopaedics, Chonnam National University Hwasun Hospital, Jeonnam, South Korea, and the
z
Department of Orthopaedic Surgery, Tri-Service General Hospital, National Defense Medical
Center, Taipei, Taiwan
Background: Anterior cruciate ligament (ACL) deficiency alters 6 degrees of freedom knee kinematics, yet only anterior translation and internal rotation have been the primary measures in previous studies.
Purpose: To compare the 6 degrees of freedom knee kinematics and the graft forces after single- and double-bundle ACL
reconstructions under various external loading conditions.
Study Design: Controlled laboratory study.
Methods: Ten human cadaveric knees were tested with a robotic testing system under 4 conditions: intact, ACL deficient, singlebundle reconstructed with a quadrupled hamstring tendon graft, and double-bundle reconstructed with 2 looped hamstring tendon grafts. Knee kinematics and forces of the ACL or ACL graft in each knee were measured under 3 loading conditions: an anterior tibial load of 134 N, a simulated quadriceps muscle load of 400 N, and combined tibial torques (10 Nm valgus and 5 Nm
internal tibial torques) at 0°, 15°, 30°, 60°, and 90° of knee flexion.
Results: The double-bundle reconstruction restored the anterior and medial laxities closer to the intact knee than the single-bundle
reconstruction. However, the internal rotation of the tibia under the simulated quadriceps muscle load was significantly decreased
when compared with the intact knee after both reconstructions, more so after double-bundle reconstruction (P\.05). The entire graft
force of the double-bundle reconstruction was more similar to that of the intact ACL than that of the single-bundle reconstruction.
However, the posterolateral bundle graft in the double-bundle reconstructed knee was overloaded as compared with the intact posterolateral bundle.
Conclusion: The double-bundle reconstruction can better restore the normal anterior-posterior and medial-lateral laxities than the single-bundle reconstruction can, but an overloading of the posterolateral bundle graft can occur in a double-bundle reconstructed knee.
Clinical relevance: Both single-bundle and double-bundle techniques cannot restore the rotational laxities and the ACL force
distributions of the intact knee.
Keywords: anterior cruciate ligament; reconstruction; single bundle; double bundle; kinematics

Double-bundle anterior cruciate ligament (ACL) reconstruction has been proposed to reproduce the 2 functional bundles
of the ACL: anteromedial (AM) and posterolateral
(PL).7,15,23,24,32 Despite in vitro and in vivo studies showing
that double-bundle ACL reconstruction can better restore
anteroposterior laxities of the intact knee,6,7,11,15,18,29,32
studies have reported no clinically significant difference
between double- and single-bundle ACL reconstructions.14,24
In biomechanical studies using a robotic testing system, Petersen et al18 and Yagi et al30 indicated that
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a double-bundle reconstruction is able to more closely
restore anterior laxity and graft forces to the intact level
than the single-bundle reconstruction under an anterior
tibial load. Seon et al22 also indicated that the doublebundle ACL reconstruction is more efficient in restoring
anterior laxity than a single-bundle ACL reconstruction
during an intraoperative evaluation. However, Markolf
et al13 indicated that the double-bundle ACL reconstruction overly constrains the knee joint motion and that
a single-bundle ACL reconstruction is sufficient to
restore normal joint laxity. They also noted that the
ACL graft in the double-bundle reconstruction carries
higher force than the native ACL—especially, the PL
bundle graft. A recent meta-analysis of randomized studies that compared the efficacy of double- and single-bundle ACL reconstructions found no clinically significant
differences between the 2 types of ACL reconstructions
in terms of anterior and rotational stabilities.14
Most of the biomechanical studies on ACL reconstruction
focused on anterior laxity under an anterior tibial load or
combined torques.11,18,30,31 Recent in vivo studies revealed
that ACL deficiency and reconstruction affect not only
anterior laxity but also medial-lateral laxity, which can
alter the articular cartilage contact biomechanics.1,8,9,25 To
objectively evaluate the efficacy of an ACL reconstruction,
it is necessary to examine its effect on 6 degrees of freedom
knee joint kinematics and graft forces under various external loads,33 especially under simulated physiologic loading
conditions. A literature review indicated that no study has
investigated the effect of double-bundle ACL reconstruction
on the 6 degrees of freedom knee kinematics.
Therefore, the objective of this study was to compare the
knee joint kinematics (anterior-posterior, internalexternal, medial-lateral, and varus-valgus) and the graft
forces under 3 external loading conditions after a singleand double-bundle ACL reconstruction. We hypothesized
that the double-bundle ACL reconstruction can more
closely restore the normal knee joint kinematics and ACL
forces under various external loading conditions than the
single-bundle ACL reconstruction.

MATERIALS AND METHODS
This study used 10 fresh-frozen cadaveric human knee specimens from 6 men and 4 women with an age range of 47 to 60
years. The specimens were stored at –20°C before the testing
and were thawed at room temperature for 24 hours before
the experiment. Specimens with history of ligament injury
or previous surgery were excluded. Each knee was evaluated
using a fluoroscopy and manual laxity test for arthritis and
ACL injury. Specimens with either condition were eliminated from the study. We also visually inspected the intraarticular conditions through the medial parapatellar miniarthrotomy when we transected the ACL. Specimens with cartilage injury more than grade II of Outerbridge
classification17 or with meniscal tears were excluded from
this study. Eight specimens were used in another study.28
The femur and tibia were truncated approximately 25 cm
from the joint line, with all the soft tissues around the

Figure 1. The robotic testing system with a cadaveric knee
specimen installed.

knee intact (skin, knee ligaments, joint capsule, and musculature). To facilitate the fixation of the femur and tibia, musculature surrounding the shafts was stripped. The tibial and
the femoral shafts were then secured in thick-walled aluminum cylinders using bone cement.
To study the knee biomechanics, we used a robotic testing
system that can be operated under force and displacement
control modes (Figure 1). Its operation has been detailed in
several studies.9,18,33,34 During the experiment, we used
the system to determine a passive flexion path of the ACL
intact knee from 0° to 120° in 1° increments of knee flexion.
A passive position is described as a position of the knee
where all resultant forces and moments at the knee center
were minimal (\5.0 N and \0.5 Nm, respectively). Kinematic responses of each knee were obtained at selected flexion angles of 0°, 15°, 30°, 60°, and 90° under 3 loading
conditions: an anterior tibial load of 134 N, a simulated
quadriceps load of 400 N, and combined torques of 10 Nm
valgus and 5 Nm internal tibial torques. The quadriceps
muscles were firmly attached to a rope via sutures and the
rope was then passed through a pulley system mounted on
the femoral clamp. To simulate quadriceps muscle load,
weights (400 N) were hung on the free end of the rope9,10,33
(Figure 1). Under each knee condition, the robotic system
applied a selected external load to the tibia while recording
the kinematic responses and the forces in the knee joint.
The robotic testing system measures the forces experienced by the ACL and the ACL graft under the external
loading conditions via the principle of superposition.21 To
measure the forces, the AM and PL bundles were alternately
transected at their femoral insertions through a 3-cm-long
medial parapatellar miniarthrotomy at the level of the
knee joint. After the transection of one bundle, the arthrotomy was repaired via sutures; the kinematics of the ACL
intact knee were replayed; and the forces in the knee joint
were measured. The forces in the transected bundle were
calculated as the difference between the forces in the intact
knee joint and the forces in the knee joint following the transection of a bundle. This procedure was repeated to measure
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Figure 2. Schematic drawings of our surgical techniques including tunnel position in single-bundle (A) and double-bundle
(B) anterior cruciate ligament reconstructions. AM, anteromedial; PL, posterolateral; C-ACL, center of anterior cruciate ligament;
C-AM, center of anteromedial bundle; C-PM, center of posterolateral bundle.

the forces in the second bundle as well. After we determined
the kinematics of the intact knee and the forces in the 2 bundles of the ACL, we tested the knee under the same loading
conditions as the intact knee and measured the 6 degrees of
freedom kinematics of the ACL-deficient knee.

Single-Bundle ACL Reconstruction
The ACL reconstruction was performed on the specimen
while it was still installed on the robotic system. All the surgeries were performed using an arthroscopic-assisted technique by a single surgeon. The surgery began by
harvesting the semitendinosus and gracilis tendons that
served as the graft material for both ACL reconstructions.
The graft was pretensioned on a graft preparation board
(Mitek, Raynham, Massachusetts) with a 20-lb (9-kg) force.
A K-wire for the tibial tunnel was placed at the center of
the ACL footprint through the AM surface of the tibia at
the level of the tibial tubercle via a tibial guide (Mitek) set
at 55°. After 2 experienced sports surgeons confirmed a satisfactory position of the K-wire for the tunnel, the tibial tunnel
was made by a cannulated reamer that matched the diameter of the prepared graft. To create the femoral tunnel, a Kwire was passed through the medial parapatellar miniarthrotomy with the knee flexed to 120° via a 6-mm offset guide
(Mitek) and then placed at the 1:30 or 10:30 position, which
corresponds to the center of the femoral footprint19,20 (Figure
2A). The femoral tunnel was initially reamed to the lateral
cortex of the distal femur using a 4.5-mm EndoButton drill
(Smith & Nephew Endoscopy, Andover, Massachusetts).

Finally, a 30-mm long femoral socket was created by
a cannulated reamer that matched the graft diameter.
The quadrupled hamstring graft, consisting of looped
semitendinosus and gracilis tendons, was then passed
though the tibial tunnel into the joint and finally through
the femoral socket and secured with an EndoButton CL
(Smith & Nephew Endoscopy). The distal end of the graft
was finally secured in the tibial tunnel by a tibial Intrafix
system (Mitek) with 40 N of axial graft tension. After repairing the arthrotomy and the skin in layers by sutures, we
determined kinematic responses and ACL graft force of the
knee under the 3 loading conditions (anterior tibial load,
simulated quadriceps muscle load, and combined torques).

Double-Bundle ACL Reconstruction
Before the double-bundle ACL reconstruction was performed, the tunnels of the single-bundle reconstruction
were filled with bone cement, which facilitated in retesting of the same specimen for 2 ACL reconstructions. The
hamstring tendons that were used for single-bundle
ACL reconstruction were prepared as a looped semitendinosus graft for the AM bundle and a looped gracilis graft
for the PL bundle. The double-bundle ACL reconstruction
was performed by using a separate tunnel for each bundle
on the tibia and femur.4,6,22,23 Two K-wires for the tibial
tunnels were placed at the centers of the AM and PL bundle footprints as confirmed by 2 surgeons using a tibial
guide (Mitek) set at 55° for the PL tunnel and at 45° for
the AM tunnel. On the tibial cortex, the PL tunnel entry
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RESULTS
Kinematics and Forces Under the Anterior Tibial Load

Figure 3. Anterior translation of the tibia under the anterior
tibial load in the 4 conditions. The anterior cruciate ligament–
deficient condition shows significant difference from the 3
other conditions at all angles. *P \ .05. Error bars represent
standard deviation. ACL, anterior cruciate ligament; def, deficient; SB, single bundle; DB, double bundle; ACLR, anterior
cruciate ligament reconstruction.

point started anterior to the superficial medial collateral
ligament, and the AM tunnel started proximal and central from the PL tunnel entry point. After reaming the tibial tunnels with a cannulated reamer that matched the
grafts diameters, we placed the femoral tunnels for the
AM and PL bundles at the centers of their respective anatomical footprints through the parapatellar miniarthrotomy under arthroscopic guide using K-wires and
cannulated reamers of the same size as the tibial tunnel
diameters (Figure 2B). The PL and AM bundle grafts
were passed through the tibial tunnels into the femoral
tunnel and secured with 2 EndoButtons CL. After the fixation of the AM graft at 60° of flexion by an interference
screw (Mitek) with a diameter that matched that of the
tunnel with 20 N of axial graft tension, the PL graft was
fixed at full extension with 20 N of axial graft tension
using a 7-mm diameter interference screw in all cases.
The arthrotomy and skin were then repaired by sutures,
and the kinematics, entire ACL graft force, and AM and
PL graft forces of the double-bundle reconstructed knee
were determined using the same protocol as described in
the intact knee. The figures showing the tunnel positions
for the single- and double-bundle ACL reconstructions are
presented in the appendix (available at http://ajs.sagepub.com/supplemental/).
The study was designed for a within-subjects analysis of
knee kinematics under the 4 conditions: intact, ACL deficient, single-bundle ACL reconstructed, and double-bundle
ACL reconstructed. A 2-way repeated measures analysis of
variance was used to detect statistically significant differences in the kinematic responses and the ACL or ACL graft
forces of the knee under the different knee conditions at
selected flexion angles. When significant differences were
found, post hoc comparisons were made using the StudentNewman-Keuls test. Differences were considered statistically significant at P \ .05.

The anterior tibial translation of the ACL-deficient knee
under the anterior tibial load was significantly greater
than that of the intact knee at all selected flexion angles
(P \ .05) (Figure 3). The anterior tibial translations after
single-bundle ACL reconstruction significantly improved
when compared with the ACL-deficient knee at all selected
flexion angles (P \ .05). However, these anterior tibial
translations after single-bundle ACL reconstruction were
significantly greater than those of the intact knee at all
selected flexion angles with a maximal difference of 4.2 6
2.3 mm at 30° of flexion (P \ .05) (Figure 3). After doublebundle reconstruction, anterior tibial translations were
closely restored to the intact level at all selected flexion
angles with a maximum difference of 1.6 6 2.2 mm at
30° of flexion (P . .05). These translations were significantly different from those of the single-bundle ACL reconstructed knee at all selected flexion angles (P \ .05)
(Figure 3).
Table 1 shows the entire forces of the intact ACL and
ACL grafts of the single- and double-bundle reconstructions under the anterior tibial load. The average entire
graft forces of the single-bundle ACL reconstruction were
significantly lower than those of the intact knee at all
selected flexion angles with a maximum difference of 55
6 52 N at 15° of knee flexion (P \ .05). On the contrary,
the average entire ACL graft forces of the double-bundle
reconstruction were not significantly different from those
of the intact ACL at all selected flexion angles with a maximal difference of 29 6 37 N at 30° of knee flexion (P . .05).
Significant differences in the ACL graft forces of the singleand double-bundle ACL reconstruction were found at 0°,
15°, and 90° of knee flexion (P \ .05). The forces in the
AM bundle graft of the double-bundle reconstructed knee
were significantly lower than those of the intact AM bundle at all selected flexion angles (P \ .05), whereas, the
PL bundle graft of the double-bundle reconstruction carried significantly higher forces than those of the intact
PL bundle from 30° to 90° of flexion (P \ .05).

Kinematics and Forces Under the Simulated Quadriceps Muscle Load
Under the simulated quadriceps muscle load, the anterior
tibial translations of the ACL-deficient knee were significantly greater than those of the intact knee from 0° to 30°
of flexion (P \ .05) (Figure 4). These increased anterior
translations of the tibia were significantly reduced after
the single-bundle ACL reconstruction but not to the
intact level (P \ .05). The range of these differences
between the anterior tibial translations of single-bundle
ACL-reconstructed knee and the intact knee were 2.1 6
1.8 mm at 0° to 3.1 6 2.2 mm at 15° of flexion. The
double-bundle ACL reconstruction reduced the anterior
tibial translation of the ACL-deficient knee to the intact
knee level at all selected flexion angles (P . .05). The
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TABLE 1
Anterior Cruciate Ligament and Graft Forces (N) Under the 3 Loading Conditions at Select Flexion Anglesa
SB ACLR

Intact ACL
Loading Condition
Anterior tibial load

Simulated quadriceps load

Combined tibial torques

Flexion Angle
0°
15°
30°
60°
90°
0°
15°
30°
60°
90°
0°
30°

Entire
146
155
157
109
91
91
124
103
39
18
100
109

6
6
6
6
6
6
6
6
6
6
6
6

34
41
44
40
34
48
54
49
33
19
44
64

AM
104
119
139
105
89
63
85
73
32
16
68
84

6
6
6
6
6
6
6
6
6
6
6
6

PL
45
50
43
40
29
38
54
50
32
17
39
49

48
39
26
9
8
39
44
44
19
8
38
31

6
6
6
6
6
6
6
6
6
6
6
6

Entire
18
25
17
7
6
21
34
40
10
5
22
30

92
100
109
63
44
45
55
47
17
14
68
71

6
6
6
6
6
6
6
6
6
6
6
6

DB ACLR
Entire

b

36
39b
59b
42b
30b
31b
32b
47b
21b
11
62
48

123
132
128
82
72
60
84
65
19
17
82
91

6
6
6
6
6
6
6
6
6
6
6
6

AM Graft
c

28
21c
36
22
28c
22b
38b
37b
13b
13
43
39

64
75
84
57
60
34
36
22
7
4
27
28

6
6
6
6
6
6
6
6
6
6
6
6

b

30
36b
52b
39b
31b
21
15b
16b
7b
2b
12b
18b

PL Graft
74
67
56
35
25
37
55
47
16
16
58
67

6
6
6
6
6
6
6
6
6
6
6
6

38
33
28b
22b
17b
15
26
26
9
14
43b
39b

a
ACL, anterior cruciate ligament; SB, single bundle; DB, double bundle; ACLR, ACL reconstruction; AM, anteromedial; PL,
posterolateral.
b
Statistically significant difference compared with corresponding bundles of intact anterior cruciate ligament condition (P \ .05).
c
Statistically significant difference compared with corresponding bundles of single-bundle anterior cruciate ligament reconstruction condition (P \ .05).

Figure 4. Anterior translation of the tibia under the simulated
muscle load in the 4 conditions. The anterior cruciate
ligament–deficient knee was significantly different from the
other 3 conditions from 0° to 30°. *P \ .05. Error bars represent standard deviation. ACL, anterior cruciate ligament; def,
deficient; SB, single bundle; DB, double bundle; ACLR, anterior cruciate ligament reconstruction.
anterior tibial translations after double-bundle reconstruction were significantly lower than after single-bundle reconstruction from 0° to 30° of flexion (P \ .05)
(Figure 4).
The ACL deficiency resulted in a medial shift of the tibia
from 0° to 30° of flexion with a maximal difference of 0.8 6
1.1 mm at 0° of flexion as compared with the ACL-intact
knee (P \ .05) (Table 2). Both single- and double-bundle
ACL reconstructions reduced the increased medial shift of
the ACL-deficient knee with no significant difference
when compared to the intact knee (P . .05). However, on
average, the double-bundle ACL reconstruction reduced
the medial shift more than the single-bundle reconstruction
with no significant difference between the 2 groups (P .

.05). The internal tibial rotation under the simulated quadriceps muscle load significantly decreased after the singlebundle reconstruction as compared with intact knee at 15°
of flexion (P \ .05) (Figure 5). However, significantly less
internal tibial rotation was observed after double-bundle
ACL reconstruction from 0° to 30° of flexion as compared
with the intact knee (P \ .05). Furthermore, the doublebundle reconstruction showed significantly less internal
rotation compared with the single-bundle reconstruction
at 0° of flexion (P \ .05). The ACL deficiency slightly
increased valgus rotation under the simulated quadriceps
muscle load as compared with the ACL-intact knee without
any statistical significance at 0°, 30°, 60°, and 90° of flexion.
The valgus rotations of the single- and double-bundle ACL
reconstructions were similar to those of the intact knee at
all selected flexion angles (P . .05) (Table 2).
Under the simulated muscle load, the single- and
double-bundle reconstructions resulted in significantly
lower ACL graft forces than those of the intact ACL from
0° to 60° of flexion (P \ .05) (Table 1). In the double-bundle
reconstructed knees, the forces in the AM graft were significantly lower than those of the intact AM bundle from 15°
to 90° of knee flexions, but the forces in the PL graft were
similar to those of the intact PL bundle at all selected flexion angles (P . .05) (Table 1).

Kinematics and Forces Under Combined Valgus and
Internal Tibial Torques
In response to the combined torques, the anterior tibial
translation of the ACL-deficient knee significantly
increased when compared with the intact knee by 3.5 6
2.5 mm at 0° of flexion and 3.7 6 3.0 mm at 30° (P \ .05)
(Table 3). The anterior tibial translation of the singlebundle ACL reconstruction was significantly greater than
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TABLE 2
Kinematic Responses of the Tibia Under the Simulated Quadriceps Muscle Load in 4 Conditionsa
Flexion Angle
Medial (1) / lateral (2) mm

Valgus (1) / varus (–) °

0°
15°
30°
60°
90°
0°
15°
30°
60°
90°

Intact ACL
0.1
0.6
0.6
0.3
0.1
0.4
1.3
1.7
1.2
0.8

6
6
6
6
6
6
6
6
6
6

0.6
0.9
1.3
1.3
0.6
0.7
0.8
1.1
0.7
0.6

Deficient ACL
0.9
1.4
0.9
0.2
0.1
0.5
2.0
2.2
1.5
1.1

6
6
6
6
6
6
6
6
6
6

1.3b
2.7
3.5
2.0
0.8
1.0
1.8b
1.8
1.3
1.4

SB ACLR
0.5
0.9
0.8
0.4
0.1
0.6
1.9
2.4
1.5
1.0

6
6
6
6
6
6
6
6
6
6

1.3
1.9
2.5
1.7
0.8
0.9
1.4b
1.8
1.0
0.7

DB ACLR
–0.1
0.2
0.2
0.3
0.03
0.1
1.2
1.7
1.3
1.0

6
6
6
6
6
6
6
6
6
6

0.9c,d
1.2c
1.7
1.2
0.5
0.9d
1.1c,d
1.4d
0.9
1.0

a

ACL, anterior cruciate ligament; SB, single bundle; DB, double bundle; ACLR, ACL reconstruction.
Statistically significant difference compared with intact anterior cruciate ligament condition (P \ .05).
c
Statistically significant difference compared with anterior cruciate ligament–deficient condition (P \ .05).
d
Statistically significant difference compared with single-bundle anterior cruciate ligament reconstruction condition (P \ .05).
b

DISCUSSION

Figure 5. Internal rotations of the tibia under the muscle load
in the 4 conditions. *P \ .05. Error bars represent standard
deviation. ACL, anterior cruciate ligament; def, deficient;
SB, single bundle; DB, double bundle; ACLR, anterior cruciate ligament reconstruction.

that of the intact knee at 0° and 30° of flexion (P \ .05).
The double-bundle ACL reconstruction restored the anterior tibial translation to the intact level at both 0° and
30° of flexion (P . .05). The internal tibial rotations of
the single- and double-bundle reconstructions were similar
to those of the intact knee at 0° and 30° of flexion (P . .05)
(Table 3). However, the double-bundle reconstruction
showed significantly less internal rotation than the singlebundle reconstruction and ACL-deficient knee at 0° of flexion (P \ .05).
No significant differences were found between the forces
of the intact ACL and the forces in the ACL grafts of the
single- and double-bundle ACL reconstructions at 0° and
30° of flexion (P . .05) (Table 1). However, the PL graft
of the double-bundle reconstruction showed significantly
higher forces and the AM graft showed significantly lower
forces than those of corresponding bundles of the intact
knee at 0° and 30° of knee flexions (P \ .05) (Table 1).

In this study, we compared the tibial translations, rotation
kinematics, and graft forces of the knee after single- and
double-bundle ACL reconstructions with those of the intact
knee using cadaveric specimens under 3 external loads.
The double-bundle ACL reconstruction was able to more
closely restore the anterior and medial tibial translations
of the intact knees than the single-bundle ACL reconstruction, but it more overly constrained the internal tibial rotation of the knee joint. Even though the entire ACL graft
forces of the double-bundle ACL reconstruction were closer
to those of the intact knee than the single-bundle ACL
reconstruction, the PL graft of the double-bundle ACL
reconstruction had significantly higher forces than those
of the intact PL bundle.
Consistent with other studies that compared the knee
kinematics between the single- and double-bundle reconstructions under the anterior tibial or combined torques,11,13,29-31 this study demonstrated that single-bundle
ACL reconstruction improved the anterior tibial translations of an ACL-deficient knee at all flexion angles to a clinically satisfactory level but could not restore them to the
intact level. However, the double-bundle ACL reconstruction restored the anterior tibial translations to the intact
knee level at all selected flexion angles under the anterior
tibial load and combined torques, as reported in published
studies.18,30,31 Mae et al11 and Markolf et al13 reported,
however, that the double-bundle ACL reconstruction overcorrected the anterior tibial translation when compared
with the intact and single-bundle reconstructed knees.
The discrepancy between these studies may be due to the
differences in the surgical techniques and initial grafttensioning protocols used. Mae et al11 used a single tibial
tunnel and fixed both the grafts at the same flexion angle
(30°) for the double-bundle ACL reconstruction. Markolf
et al13 tensioned the AM graft to restore the anterior translation to within 1 mm of the intact knee at 30° of flexion
and then tensioned the PL graft with either the same force
as in the AM graft or 30 N of additional tension than that
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TABLE 3
Kinematic Responses of the Tibia Under Combined Valgus and Internal Torques in 4 Conditions
Flexion Angle
Anterior (1) / posterior (2) mm
Internal (1) / external (2) °

0°
30°
0°
30°

Intact ACL
–0.1
0.8
11.1
19.2

6
6
6
6

2.4
3.5
4.0
6.1

Deficient ACL
3.3 6 4.6b
4.5 6 6.0b
13.0 6 5.0
19.56 6.9

SB ACLR
2.0
3.1
12.7
19.1

6
6
6
6

3.7b,c
4.4b
5.2
6.7

DB ACLR
0.6
1.4
9.9
18.2

6
6
6
6

3.1c,d
3.9c,d
4.5c,d
6.1

a

ACL, anterior cruciate ligament; SB, single bundle; DB, double bundle; ACLR, ACL reconstruction.
Statistically significant difference compared with intact anterior cruciate ligament condition (P \ .05).
c
Statistically significant difference compared with deficient anterior cruciate ligament condition (P \ .05).
d
Statistically significant difference compared with single-bundle anterior cruciate ligament reconstruction condition (P \ .05).
b

used for the AM graft. In our study, we used 40 N of initial
graft tension for the single-bundle ACL reconstruction and
20 N of initial tension for each graft in the double-bundle
ACL reconstruction. We fixed the 2 grafts at different flexion angles (AM at 60° and PL at 0°) by a commonly used
protocol in the literature.4,6,23 However, further investigations into double-bundle ACL reconstruction are necessary
to achieve optimal graft fixation angle and initial tension
to restore normal knee kinematics.
The amount of internal tibial rotation of the ACLdeficient knee and single- and double-bundle ACLreconstructed knees was not significantly different from
that of the intact knee under the combined torques. These
results are comparable with those of previous studies.3,5
The double-bundle ACL reconstruction caused an overconstraint in internal tibial rotation under the combined torques as compared with the single-bundle reconstruction
at 0° of flexion. However, the magnitudes of differences
in the internal tibial rotation among all the knee conditions were less than 3.5°. These data suggest that combined torques may not be an efficient loading to evaluate
the axial rotational efficacy of an ACL reconstruction.
Quadriceps muscle load can produce anterior tibial translation and internal tibial rotation from 0° to 30° of flexion.9,33
Therefore, the simulated physiological loading condition
could be an effective method to evaluate the efficacy of various ACL reconstructions. In this study, when compared
with the single-bundle reconstruction, the double-bundle
reconstruction closely restored the anterior tibial translation
under the simulated quadriceps muscle load to the intact
knee level. Anterior cruciate ligament deficiency caused
a decrease in internal tibial rotation as compared with the
intact knee condition. Owing to the complex interdependence
of 6 degrees of freedom kinematics, we could not precisely
identify the cause of this decrease in the internal tibial rotation. This overconstraint may have been an attribute of the
coupled motions observed during the simulated quadriceps
muscle loading. Similar to the ACL-deficient condition, the
single-bundle ACL reconstruction in our study significantly
reduced the internal tibial rotation under the simulated
quadriceps muscle load as compared with the intact knee.
These decreases in the internal tibial rotations following single-bundle ACL reconstruction are consistent with reports in
the literature.2,12,25,26,33 The double-bundle ACL reconstruction overconstrained the internal tibial rotation as well but
more so than single-bundle reconstruction, especially at

low flexion angles. Overconstraint of tibial internal rotation after an ACL reconstruction could be caused by various factors, such as the amount of initial graft tension, as
well as the tunnel locations.2,12 The altered rotational
kinematics may cause loading of the articular cartilage at
abnormal locations. Further studies should quantify the
effect of ACL reconstruction on the cartilage contact pressure. These findings indicate that an optimal tensioning
protocol and tunnel location may be needed to improve
the observed overconstraint of internal tibial rotation
while still maintaining the efficiency in restoration of anterior tibial translation.
It is well known that ACL deficiency alters not only the
anterior translation and internal rotation but also the
medial-lateral translation and varus-valgus rotations.8,9
However, no studies have quantified the medial-lateral or
varus-valgus kinematics after the single- and doublebundle ACL reconstructions. In this study, we noted that
the ACL-deficient knee resulted in a medial shift of the
tibia from 0° to 30° of flexion under the muscle load. This
shift was better restored by the double-bundle reconstruction than the single-bundle reconstruction. These results
suggest that double-bundle ACL reconstruction may have
an advantage over single-bundle ACL reconstruction to
restore the medial-lateral translation under the physiologic quadriceps muscle load. Such restoration of normal
knee kinematics may reduce alterations in the normal cartilage contact locations in the joint due to the altered
medial-lateral kinematics.9
Our data demonstrate that the entire graft forces of
double-bundle ACL reconstruction are more similar to
those of the intact knee than single-bundle ACL reconstruction under all 3 loading conditions, which is consistent with studies in the literature.27,30 However, our
force data of the individual bundles show that the PL
and AM grafts of the double-bundle reconstruction carry
significantly higher and lower forces, respectively, than
do the corresponding individual bundles of the intact
knee. Consistent with this study is that by Markolf
et al,13 who also reported an overloading of the PL graft
and its failure at 0° of flexion. The high forces of the PL
graft in the double-bundle reconstruction may be a cause
of the rupture of the PL graft in the clinical setting, which
has been reported.16 These data suggest that the PL graft
may need to be fixed with a lower initial tension (\20 N) to
prevent overloading of the PL graft and its failure.
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The current study has its limitations. We did not evaluate the effect of different graft tensions and graft fixation
angles. However, the grafts for both reconstructions were
fixed on the basis of commonly used tension and fixation
angle protocols in the clinical setting.4,6,23 Future studies
should investigate the effect of initial graft tension and fixation angles in the double-bundle ACL reconstruction on
the knee kinematics and graft forces. Second, we filled
the tunnels that were created for the single-bundle ACL
reconstruction with bone cement for the subsequent
double-bundle ACL reconstruction, which enabled us to
use the same specimens to test both reconstruction techniques. Other studies have used this protocol, and it has been
demonstrated to have no significant effect on the outcomes.18,30,34 Tunnel location may affect the kinematic
responses of the knee. In this study, we used a tunnel
placed at the 10:30 position for our single-bundle ACL
reconstruction, and we did not evaluate the efficacy of
ACL reconstruction with different tunnel locations.
Although this position is commonly used in the clinical setting, more investigation is needed to determine the tunnel
position that can achieve optimal outcomes. This is also
a time-zero study, and no graft-tunnel healing has been
considered. Future studies should investigate the effect of
double-bundle ACL reconstruction on the knee kinematics
and graft forces of patients during daily functional activities. We measured the knee kinematics and forces of the
ACL and ACL grafts from 0° to 90° of flexion; therefore,
we could not evaluate the possible posterior cruciate ligament impingement that may occur beyond 90° of flexion.
Finally, owing to the limitations of the robotic testing system, we could not completely achieve the high physiological loads and hence evaluate the efficacy of the
reconstructions at these large loads. Nonetheless, the subphysiological loading provided us with some valuable
trends and critical information for the progression of
ACL reconstruction.
In summary, we found that the double-bundle ACL
reconstruction can more closely restore the anterior and
medial knee laxities of the intact knee than the single-bundle ACL reconstruction under different external loads.
However, both ACL reconstructions overconstrained the
internal tibial rotation—especially, the double-bundle
reconstruction at low flexion angles under simulated quadriceps muscle load. Although the ACL graft forces in double-bundle reconstruction were closer to the intact ACL
forces than the ACL graft forces of the single-bundle reconstruction, the double-bundle reconstruction may overload
the PL graft, which could cause a graft failure. Therefore,
to improve the double-bundle ACL reconstruction, the tensioning strategy of the AM and PL bundles may need to be
investigated to restore normal knee kinematics and graft
forces.
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