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lateral loading (60 N). The hip states were examined were 
intact, with a 1.5 cm capsulotomy and with a 1 cm resec-
tion of the anterosuperior labrum.
Results  At 30° of flexion, under axial load, the displace-
ment of the hip with capsulotomy and labral resection 
(9.6 ± 2.5 mm) was significantly larger then the hip with 
capsulotomy alone (5.6  ±  4.1  mm, p  =  0.005) and the 
intact hip (5.2 ± 3.8 mm, p = 0.005). Also, at 30° of flex-
ion, the displacement under combined axial and anterior/
posterior load was increased with capsulotomy and labral 
resection.
Conclusion  The acetabular labrum provides stability to 
the hip joint in response to a distraction force and com-
bined distraction and translation forces. One centimetre 
of labral resection caused significant displacement (“wob-
bling” effect) of the femoral head within the acetabulum 
with normal range of motion. Successful labral repair could 
be crucial for restoration of the hip biomechanics and pre-
vention of coxarthrosis.

Keywords  Hip · Acetabulum · Labral injury · Stability · 
Coxarthrosis

Introduction

Labral tears are the most common cause for intra-articular 
hip pain in young, non-arthritic patients. Also, most older 
patients with arthritic changes in the hip have labral tears; 
however, relation between labral tears and onset of arthritis 
continues to be unknown. While anatomy of the hip labrum 
is relatively well described in recent studies [24, 25, 30, 39, 
40], its true function has lagged behind.

At the present time, only a limited number of biome-
chanical studies are available on the contribution of the 

Abstract 
Purpose  Knowledge of the effect of hip pathologies on 
hip biomechanics is important to the understanding of the 
development of osteoarthritis, and the contribution of the 
labrum to hip joint stability has had limited study. The pur-
pose of this study was to evaluate the effect of labral injury 
to stability of the femoral head in the acetabular socket.
Methods  Ten cadaver hip specimens were tested using 
a robotic system under four different loading conditions: 
axial loading (80 N) along the femoral axis and axial load-
ing (80  N) combined with either anterior, posterior or 
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labrum to the hip joint kinematics [4, 10, 26, 33, 37, 41]. 
Some studies recognized tears of the labrum as a possi-
ble factor leading to coxarthrosis [1, 16, 17, 29, 30]. The 
labrum resists lateral and vertical motion of the femoral 
head within the acetabulum by deepening the joint. Selders 
et  al. [34] demonstrated that acetabular labrum increased 
acetabular volume by 21  % and articular surface area of 
acetabulum by 28 %. Lubrication of the hip joint is impor-
tant for normal function, and Terayama et al. [41] demon-
strated that under a 1275 N compressive load, there is no 
direct contact between acetabular and femoral cartilage 
with approximately 0.4 mm of joint fluid between surfaces. 
Takechi et al. [38] showed that the labrum provides a seal 
around the femoral head and restricts fluid flow into and 
out of articular space. This “suction effect” of the labrum 
and fluid enhances joint stability and distributes compres-
sive loads between articular surfaces, which reduce peak 
cartilage stresses during weight bearing [8, 9]. It has been 
established that labrum plays critical role in cartilage pres-
ervation. The overall cartilage creep consolidation under 
constant load of 0.75 times bodyweight was 21 % greater 
without a labrum compared to with an intact labrum [9]. 
Without the labrum, articular cartilage must withstand sig-
nificantly increased pressure, and a compromise of this 
system could lead to early joint deterioration and osteo-
arthritis. Crawford et  al. [4] showed that capsular venting 
and loss of labral “seal” lead to destabilization of the hip at 
extreme range of motion. The study demonstrated femoral 
head subluxation approximately 1 mm during the extreme 
internal rotation manoeuvre and 0.5  mm with abduction. 
The force required to distract the hip a given distance 
decreased substantially with capsular venting and further 
decreased with the addition of full-thickness labral tear. 
Another study measured the strain in the labrum with the 
hips in different passive positions [33]. A more recent study 
also measured the labral strains under an average compres-
sive joint force of 25 N [36]. At present time, biomechani-
cal studies of the hip stability have been performed with 
either finite element computational models [8, 14], manual 
testing [33] or with a biaxial mechanical testing machine 
[4].

Hip distraction is less recognized, but common load-
ing mode of the hip joint. Fluoroscopy studies showed hip 
subluxation during swing phase of gait in total hip arthro-
plasty patients [18, 22]. Labrum, capsular ligaments and 
muscles resist joint distraction during swing phase of gait 
and contribute to biomechanical joint stability. Distraction 
at 80–100 N is the common testing mode of hip stability 
[4, 15].

At present time, all biomechanical studies of the hip sta-
bility were performed with finite element analysis [8] or 
with biaxial mechanical testing machine [4]. Present work 

is the first robotic study of the hip joint that utilizes univer-
sal force-moment sensor (UFS) and allows more accurately 
record kinematics and forces applied to the hip, but also 
registers changes in hip kinematics occurring after labral 
injury.

The purpose of this study was to evaluate the contribu-
tion of the labrum and the effect of labral injury to stability 
of the femoral head in the acetabular socket. It was hypoth-
esized that the labrum provides stability to the hip and 
the loss of mechanical restraint due to labral injury would 
cause abnormal motion of the femoral head in relation to 
acetabulum. Better knowledge of the effects of labral injury 
would aid in the understanding of the need of surgical 
repair of labrum and give insight into possible causes of the 
development of hip arthritis.

Materials and methods

Specimen preparation

Five fresh frozen whole pelvises (ten hips) complete with 
proximal femoral segments (age 43–49  years; four males 
and one female) were used. Prior approval for this study 
was obtained at University of Pittsburgh (Pittsburgh, PA, 
USA) from the Committee for Oversight of Research and 
Clinical Training Involving Decedents (CORID) #264.

Specimens were stored at −20 °C and thawed at room 
temperature 48  h prior the test. Prior to testing, speci-
mens were checked for any abnormalities in the range of 
motion. All skin and muscles were removed leaving only 
hip joint ligaments and capsule, and the capsule was visu-
ally inspected for any injury. The proximal femoral shaft 
was encased in an epoxy compound for secure mounting in 
a custom-made aluminium clamp.

For testing, the pelvis was securely fixed to a flat plate. 
The pubic tubercles and the anterosuperior iliac spines 
were used as contact points with the plate and represented 
the anterior pelvic plane, as a reference for measuring pel-
vic orientation [5, 27]. The axis between both pubic tuber-
cles and the axis between both anterosuperior iliac spines 
were parallel with the superior border of the plate. The 
pubic symphysis and the midline of the sacrum were placed 
along the midline of the plate.

The pelvic plate was then attached to the fixed base, 
while the femur was attached to the end-effector of the 
robot as shown in Fig.  1. For the starting position, the 
femur shaft was positioned parallel with the anterior pelvic 
plane and the midline of the pelvis and the femoral neck 
was set at 15° anteversion [40]. The hip capsules were kept 
moist throughout the experiment with 0.9 % sodium chlo-
ride solution.
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Biomechanical evaluation

The robotic manipulator (Caspar, OrthoMaquet, Rastatt, 
Germany) is a six-joint serial articulation, which allows 
six-degree-of-freedom motion of the hip with repeatability 
of 0.02  mm at each joint according to the device specifi-
cations. The UFS (model 4015, JR3 Inc, Woodland, Cali-
fornia, USA) can measure three orthogonal forces and 
moments with an accuracy of 0.2 N and 0.1 Nm, respec-
tively. A custom computer program controlled the testing 
system and recorded both kinematics of the hip joint and 
the forces applied to the hip.

The path of passive flexion–extension of the intact hip 
was determined by the robotic system moving the femur 
from starting position (0° of flexion) to 30° degree of 
flexion by 0.5° degree increments. At each incremental 
movement, the forces and moments were recorded and 
minimized by the iterative algorithm of the robot control 
software. The positions at 0° and 30° of flexion were stored 
in the system and used as the starting positions for applica-
tion of external loads.

Four external loads were applied to the femur at 0° and 
30° of flexion: (1) an 80 N longitudinal axial force along 
the femoral shaft, (2) combined 80  N axial and 60  N 
anterior translation forces, (3) combined 80  N axial and 
60  N posterior translation forces and (4) combined 80  N 
axial and 60 N lateral translation forces. The direction of 
the force was referenced to the femur. For the combined 
force loading, the axial force was applied first, and then, 
the translation force was applied. During each external 

load application, the 5-degree-of-freedom kinematics and 
applied forces and moments are recorded. The three sets 
of combined loads were used to evaluate position of the 
femoral head in relation to the acetabulum through arc 
of motion and assess the stabilizing effect of the capsular 
seal and labral support on hip joint kinematics. After the 
determination of the passive path of the intact hip, a 1.5 cm 
capsulotomy was performed at the superior part of the hip 
capsule in-line with the iliofemoral ligament [23]. The four 
loading conditions were then reapplied at both 0° and 30° 
of flexion to evaluate the changes in kinematics of the hip 
after capsulotomy. Subsequently, the recorded displace-
ment of the intact hip under the given loading condition 
was repeated to the hip with capsulotomy, and the required 
forces and moments were recorded. The principle of super-
position was applied to calculate the force contribution of 
capsulotomy [32]. Integrity of the hip capsule is important 
to the “seal” effect of the hip joint; however, capsular inci-
sion is necessary for the labral resection. Finally, 1 cm of 
the anterosuperior labrum was resected, and the hip was 
retested. The anterosuperior segment of the labrum was 
selected because it is a common location of labral tears [1, 
24]. The four loading conditions were reapplied and the 
displacements measured. Then, the displacement of the 
intact hip in response to each load was also repeated and 
the forces measured. The force contribution of labral resec-
tion is the vector difference in the measured forces between 
the hip with capsulotomy alone and capsulotomy combined 
with labral resection. Testing of vented capsule alone and 
then vented capsule with labral resection allowed the dif-
ferentiation of the effects of the two procedures on forces 
contribution and kinematics. The testing protocol is sum-
marized in Table 1.

Statistical analysis

Statistical analysis for the differences in kinematic data, hip 
displacement in response to external loads, was performed 
using Friedman test, followed by a Wilcoxon signed ranks 
test for pair-wise comparisons. A Bonferroni approach was 
applied to adjust the alpha level for the pair-wise post hoc 
comparisons, and it was assumed that there was statistical 
significance when p < 0.05 for Friedman test and p < 0.017 
for Wilcoxon signed ranks test. The difference in force 
contribution of capsulotomy and labral resection was ana-
lysed by Wilcoxon signed ranks test with statistical signifi-
cance assumed when p  <  0.05. All statistical calculations 
were performed using SPSS 16.0 (SPSS Inc., Chicago, 
Illinois, USA). Required sample size was calculated with 
PASS software (version 13.0.8). Ten specimens were suffi-
cient to provide 80 % statistical power with 95 % statistical 
significance.

Fig. 1   Robotic testing of a hip specimen
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Results

Displacement of the femoral head in the acetabulum (“wob-
bling effect”) in response to four external loads in the intact 
hip, in the hip with capsulotomy alone and in the hip with 
labral resection is demonstrated in Table  2. The increas-
ing “wobbling effect” of the femoral head in response to 
the 80 N axial distraction force and four external loads is 
shown in (Fig. 2) at 0° of flexion and in (Fig. 3) at 30° of 
flexion. The iliofemoral ligament, which is taut in extension 
(0° of flexion), stabilized the femoral head in the acetabu-
lum. At 30° of flexion (with relaxed iliofemoral ligament), 
displacement under axial load of the hip with labral resec-
tion was significantly different from the intact hip and hip 
with capsulotomy alone. At 30° of hip flexion, the amount 
of anterior and posterior femoral head translation of the hip 
with labral resection was significantly higher than the hip 
with capsulotomy alone. The increased displacement of the 

femoral head in the acetabulum (“wobbling” effect) after 
labral resection was on average 0.9 mm in anterior direc-
tion and 2.5 mm in posterior direction.

Figures 4 and 5 demonstrate the force reduction in the 
hip with capsulotomy and capsulotomy with labral resec-
tion, compare to intact hip at 0° and 30° of flexion, respec-
tively. The force reduction due the labral resection was 
most significant at 30° of flexion in response to axial (dis-
traction) load alone, followed by distraction in full exten-
sion. At 0° of flexion, the amount of axial force need to 
distract the hip 2.6  mm was reduced by 14.1  N with the 
capsulotomy and by 39.3 N with the labral resection. Like-
wise at 30° of flexion, the required axial force was reduced 
from 80 N to 67.1 N and then to 14.9 N with capsulotomy 
and labral resection, respectively. Also, large reductions in 
force were found for the combined axial and lateral dis-
placement at both flexion angles. The force reduction due 
to labrum resection was significantly higher than that of 

Table 1   Testing protocol and acquired data

* Repeat the path of motion of the intact hip in response to each loading condition

Conditions of the hip Operating mode Acquired data

1. Intact hip Force control mode Kinematics of the intact hip

2. Hip with capsulotomy only Force control mode Kinematics of the hip with capsulotomy

Displacement control mode* Force contribution of capsulotomy

3. Hip with capsulotomy and labral resection Force control mode Kinematics of the hip with capsulotomy and labral resection

Displacement control mode* Force contribution of labral resection

Table 2   Displacement of the femoral head (mean ± SD) in response to the external loads at 0° and 30° of hip flexion

* Significant difference with p value less than 0.017 (pair-wise post hoc comparisons with a Bonferroni approach)

External loads Displacement (mm)

Intact hip Capsulotomy only Capsulotomy and labral 
resection

p values compared with 
intact hips

p values compared with 
hips with capsulotomy only

0° of flexion

 Distraction 2.6 ± 1.3 3.2 ± 1.7 4.0 ± 1.2 0.005* 0.036

 Comb. distraction and 
anterior translation 

3.2 ± 1.9 3.1 ± 2.0 3.7 ± 2.4 0.125 0.019

 Comb. distraction and 
posterior translation 

3.0 ± 1.0 4.1 ± 1.4 4.8 ± 1.9 0.005* 0.028

 Comb. distraction and 
lateral translation 

4.9 ± 1.7 5.1 ± 1.8 6.5 ± 2.3 0.092 0.005*

30° of flexion

 Distraction 5.2 ± 3.8 5.6 ± 4.1 9.6 ± 2.5 0.005* 0.005*

 Comb. distraction and 
anterior translation 

3.1 ± 1.6 3.6 ± 2.4 4.5 ± 2.4 0.016* 0.016*

 Comb. distraction and 
posterior translation 

4.4 ± 1.7 4.8 ± 2.1 7.3 ± 2.5 0.005* 0.005*

 Comb. distraction and 
lateral translation 

5.9 ± 2.4 6.9 ± 3.6 9.2 ± 2.9 0.074 0.017
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the capsulotomy in response to all external loads at both 
0° and 30° of hip flexion, except for the response to com-
bined axial and posterior translation at 0° of flexion. These 
data demonstrate significant anchoring effect of labrum that 
allows smooth motion of the femoral head in the acetabu-
lum, compared to femoral head “wobble” with labrum 
resection.

Discussion

The most important finding in the present study was that 
the acetabular labrum provided stability to the femoral head 
in the acetabulum and 1 cm of labral resection caused a sig-
nificant increase in displacement of the femoral head at 0° 

of flexion under combined axial and lateral load and at 30° 
of flexion under axial and combined axial and anterior/pos-
terior load. This is consistent with the reduction in amount 
of external load required for these displacements when the 
labrum is resected. The previous work by Crawford et  al. 
[4] showed that there was increasingly greater external 
rotation under the same external torque with capsule vent-
ing and labral injury. Additional, the study found substan-
tially and sequentially reduced force was required to dis-
tract the hip a fixed distance (1, 3 and 5 mm) with capsule 
venting and subsequent labral injury. Similar to the current 
study, these data showed the reduced stiffness of the joint 
with injury; however, since the displacement was limited, it 
did not examine how femoral head instability changes with 
injury.

The robotic/UFS system has been previously used in 
biomechanical studies of the knee to evaluate knee kin-
ematics to particular loading conditions and determine in 
situ force of the ligament or graft in response to those loads 
[11, 12, 21, 32, 42, 43]. The kinematics of different joint 

Fig. 2   Hip translation under distraction and distraction and anterior, 
posterior and lateral loads for different hip states at of 0° flexion. 
*Significantly different from intact, **significantly different from 
capsulotomy

Fig. 3   Hip translation under distraction and distraction and anterior, 
posterior and lateral loads for different hip states at of 30° flexion. 
*Significantly different from intact, **significantly different from 
capsulotomy

Fig. 4   In situ tissue forces of capsule and capsule and labrum under 
distraction and distraction and anterior, posterior and lateral loads at 
of 0° flexion. *Significantly different from capsulotomy

Fig. 5   In situ tissue forces of capsule and capsule and labrum under 
distraction and distraction and anterior, posterior and lateral loads at 
of 30° flexion. *Significantly different from capsulotomy
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conditions in response to external loads can be evaluated 
with the force control mode. The precise repeatability of 
positioning of the testing system ensures the same starting 
position for each test. In addition, when the system is oper-
ated in the displacement control mode, the in situ force of 
a ligament or graft can be determined using the principle 
of superposition by calculating the difference in the force 
before and after removal of a ligament or graft [32]. This 
calculation method was used to determine the reduction 
in tissue force due to capsulotomy and labral resection. To 
our knowledge, this was the first study describing a method 
of biomechanical testing of the hip with the robotic/UFS 
system and using an anterior pelvic frame to position the 
pelvis.

The force reduction in capsulotomy represented the 
venting effect of the hip in addition to any change in stiff-
ness due to the capsular incision. Because the labrum could 
not be resected without violating the joint capsule, it was 
opted to perform a capsular incision to create the venting 
effect and to provide exposure for the later labral resection 
and each factor was separately assessed. The incision was 
placed in-line with iliofemoral ligament to minimize dam-
age to the capsular ligaments, which also provided stabil-
ity to the hip joint [13]. The force reduction in the labral 
resection was most significant in axial loading and com-
bined axial and lateral loading. It is apparent that the force 
restraint by the tissues is significantly lower for anterior 
and posterior translation, due to mechanical constraints of 
the acetabular socket. At 0° of flexion, the iliofemoral liga-
ment is taut giving a greater contribution to joint stability. 
The increase in anterior-posterior motion with labral injury 
could explain prevalence of anterior labral tears in Cauca-
sian population [3].

Pelvis positioning for robotic testing is difficult due to 
irregular shape and variety of functional orientation. The 
anterior pelvic plane was used as a frame of reference for 
positioning in space. The anterior pelvic plane is the plane 
passing through the tips of bilateral pubic tubercles and 
bilateral anterosuperior iliac spines. This plane has been 
used as a reference plane in measuring pelvic tilt [5, 27], 
acetabular orientation [17], and is also used in the acetabu-
lar component placement in computer-assisted total hip 
arthroplasty [2]. Previous biomechanical testing of the hip 
usually used a hemi-pelvis specimen [4, 10, 23], which is 
difficult to position in space due to a limited number of 
landmarks. Use of a whole pelvis specimen provided an 
anterior pelvic plane to position the pelvis, and this plane 
is also used as a reference to position the femur in flexion/
extension and abduction/adduction movements. Antever-
sion of the femur at the starting position was set at 15° 
because it is the average value of anteversion in adults [39].

The labrum increases the articular area by 28  % and 
acetabular volume by 30 % [39]. Acetabular labral tears are 

caused by many conditions such as trauma [7, 30], insta-
bility [19, 29], hip dysplasia [16], iliopsoas impingement 
[35] and femoroacetabular impingement [1] that leads to 
hip or groin pain [25], but the most important aspect of 
the labral pathology is its association with degenerative 
change of the hip [24, 28]. The acetabular labrum provides 
a seal against fluid flow into and out of central compart-
ment of the hip [10, 38, 41]. This creates hydrostatic pres-
sure slowing cartilage consolidation during application of a 
compression load [8–10]. The labral seal also produces the 
“suction effect” resisting distraction of the femoral head 
from the acetabulum and also mechanical support by effec-
tively deepening the socket. Labral resection can break 
the seal and reduced the mechanical stiffness of the tissue, 
which can significantly destabilize the femoral head in the 
acetabulum and cause “wobbling” effect, which could be 
detrimental for cartilage and may lead to osteoarthritis of 
the hip. If this mechanism is one of the possible causes of 
coxarthrosis, then labral repair could preserve the hip joint 
and lead to enormous socio-economic effect. It is clear that 
further studies are required to reveal the biomechanical 
benefits of labral repair. While favourable long-term results 
were reported after selective debridement of symptomatic 
labral tears [3], recent studies have demonstrated that bet-
ter clinical outcomes were obtained in patients with labral 
repair compared to those with labral debridement [6, 20]. 
Recently, a technique of labral reconstruction was intro-
duced with good early outcomes [31]. Better understanding 
of labral function is important in the selection of treatments 
for labral tears.

A limitation of this model is that it does not include 
muscle forces that can apply a compressive load to the hip 
in the in vivo situation. While the addition of muscle forces 
would serve to reduce the displacements in all three hip 
states, intact, vented capsule and labral resection, it is not 
known whether muscle forces could increase sufficiently to 
compensate for the significant loss of support provided by 
the labrum in the event of injury. Also, there may be in vivo 
situations when muscles are not active, and increased fem-
oral head displacement would occur without the restraint of 
the labrum.

The clinical ramifications of this study suggest that 
labral repair should be done for significant labral inju-
ries because the mechanical constraint provided by the 
labrum is severely compromised. Significantly, larger 
femoral head displacements occur under the same loads 
with injury, and it is not known under what, if any, in vivo 
conditions this will be compensated for by increased mus-
cle support. If the loss of labral function is not offset by 
some other means of support, increased femoral head dis-
placements may occur during activity. This would lead to 
increased joint contact load, and if repetitive, this could 
lead to cartilage injury.
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Conclusion

The acetabular labrum provides stability to the hip joint 
in response to a distraction force and combined distrac-
tion and translation forces. One centimetre of labral resec-
tion caused significant displacement (“wobbling” effect) 
of the femoral head within the acetabulum with normal 
range of motion. Successful labral repair could be crucial 
for restoration of the hip biomechanics and prevention of 
coxarthrosis.
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