
Knee Surg Sports Traumatol Arthrosc (2015) 23:3070–3076
DOI 10.1007/s00167-014-3238-4

1 3

KNEE

Quantification of functional brace forces for posterior cruciate 
ligament injuries on the knee joint: an in vivo investigation

Robert F. LaPrade · Sean D. Smith · 
Katharine J. Wilson · Coen A. Wijdicks 

Received: 11 June 2014 / Accepted: 11 August 2014 / Published online: 22 August 2014 
© European Society of Sports Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2014

(25.0 N). The difference in force continued to increase as 
flexion angle increased. During stair descent, average force 
(mean  ±  standard deviation) at toe off was significantly 
higher (p = 0.013) for the DF brace (78.7 ± 21.6 N) than 
the SF brace (37.3 ± 7.2 N). Similar trends were observed 
for squatting and for the higher force level settings.
Conclusions  The DF brace applied forces to the posterior 
proximal tibia that dynamically increased with increased 
flexion angle. Additionally, the DF brace applied signifi-
cantly larger forces at higher flexion angles compared to 
the SF brace where the PCL is known to experience larger 
in situ forces. Clinical studies are necessary to determine 
whether the loading characteristics of the DF brace, which 
more closely replicated the in situ loading profile of the 
native PCL, results in long-term improved posterior knee 
laxity following PCL injury.
Level of evidence  II.

Keywords  Posterior cruciate ligament injury · Posterior 
tibial translation · PCL brace · Functional brace · Lower 
extremity biomechanics

Introduction

Tears of the posterior cruciate ligament (PCL) can be func-
tionally disabling, especially during descent and decel-
eration activities, due to increased posterior laxity of the 
knee. Although favourable clinical outcomes have been 
reported for non-operative treatment of most isolated 
grade I–II PCL injuries [9, 23], increased rates of osteoar-
thritis have been associated with non-operative treatment 
of chronic grade III injuries [3, 4, 16] and surgical inter-
vention has been recommended for most combined liga-
ment injuries [20]. Although an improved understanding 

Abstract 
Purpose  Counteracting posterior translation of the tibia 
with an anterior force on the posterior proximal tibia has 
been demonstrated clinically to improve posterior knee 
laxity following posterior cruciate ligament (PCL) injury. 
This study quantified forces applied to the posterior proxi-
mal tibia by two knee braces designed for treatment of PCL 
injuries.
Methods  The forces applied by two knee braces to the 
posterior proximal tibia and in vivo three-dimensional 
knee kinematics of six adult, male, healthy volunteer sub-
jects (mean ± standard deviation: height, 182.5 ± 5.2 cm; 
body mass, 83.2 ± 9.3 kg; body mass index, 24.9 ± 1.5 kg/
m2; age, 25.8 ± 2.9 years) were measured using a custom 
pressure mapping technique and traditional surface marker 
motion capture techniques, while subjects performed 
three functional activities. The activities included seated 
unloaded knee flexion, squatting, and stair descent in a 
new generation dynamic force (DF) PCL brace and a static 
force (SF) PCL brace.
Results  During unloaded flexion at the lowest force level 
setting, the force applied by the DF brace increased as a 
function of flexion angle (slope = 0.7 N/°; p < 0.001) com-
pared to the SF brace effect. Force applied by the SF brace 
did not significantly change as a function of flexion angle 
(slope = 0.0 N/°; n.s.). By 45° of flexion, the average force 
applied by the DF brace (48.1 N) was significantly larger 
(p < 0.001) than the average force applied by the SF brace 
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of PCL anatomy and function has led to more anatomic 
reconstructions [2, 18, 27], posterior tibial translation 
(PTT) has reportedly not been restored to normal levels 
following both non-operative and operative treatment of 
PCL injuries [15, 24, 26, 28] due to healing of the liga-
ment or graft in an elongated position. Increased PTT dur-
ing functional activities and while in the supine position, 
due to gravity (posterior sag), reportedly contributed to the 
described elongation [26].

Counteracting the increased PTT observed in PCL-
disrupted knees with an anterior directed force on the 
proximal tibia has been validated clinically to improve 
posterior knee laxity [1, 15, 28]. Despite the high rates 
of PCL injuries observed in trauma centres [7, 8], few 
braces have been developed specifically for the treatment 
of PCL injuries. A PCL brace that applies a static anterior 
directed force to the posterior proximal tibia is the only 
commercially available brace that has been evaluated 
clinically for use in conjunction with operative and non-
operative treatment of PCL injuries (PCL-Jack brace, 
Albrecht, Stephanskirchen, Germany) [13, 25]. Although 
the brace reportedly contributed to satisfactory clinical 
outcomes, posterior sag of the tibia was not restored to 
intact levels following non-operative treatment [13]. A 
new generation functional brace (Rebound PCL, Össur 
Inc., Foothill Ranch, CA, USA) for PCL injuries, which 
applies a dynamic anterior directed force to the poste-
rior proximal tibia, has recently been introduced to the 
market but has not been biomechanically or clinically 
validated.

A recent article on PCL bracing [14] suggested that PCL 
braces should apply forces to the knee joint which replicate 
the anatomic forces applied by the native PCL to best sup-
port the PCL-disrupted knee. The in situ force behaviour 
of the PCL has been demonstrated in vitro and in vivo to 
be dependent on the flexion angle of the knee, with maxi-
mal force and elongation occurring between 90° and 120° 
of flexion and decreasing as the knee is extended [5, 6, 10, 
11, 18, 19, 22, 27]. To date, bracing of PCL injuries has 
only been evaluated clinically, and the mechanical con-
straint applied by PCL braces to the knee joint has not been 
quantified.

Therefore, the purpose of this study was to quantify 
the external forces applied to the posterior proximal tibia 
by both the static force (SF) PCL brace and a dynamic 
force (DF) brace. Forces applied by the DF brace were 
hypothesized to dynamically change as a function of flex-
ion angle, while forces applied by the SF brace would 
remain constant. Additionally, forces applied by the DF 
brace were hypothesized to be significantly larger than 
forces applied by the SF brace by 45° of flexion and this 
difference would continue to increase as flexion angle 
increased.

Materials and methods

This study was approved by the Institutional Review Board 
at the Vail Valley Medical Center, and all participants 
signed an informed consent. The anterior forces applied 
by two knee braces to the posterior proximal tibia and in 
vivo three-dimensional (3D) kinematic data of the braced 
limb were collected with a custom pressure mapping tech-
nique and traditional surface marker motion capture tech-
niques on six adult, male, active, healthy volunteer sub-
jects [mean ± standard deviation: height, 182.5 ± 5.2 cm; 
body mass, 83.2  ±  9.3  kg; body mass index (BMI), 
24.9 ± 1.5 kg/m2; age, 25.8 ± 2.9 years], while performing 
three activities common to PCL post-operative rehabilita-
tion programmes (Fig. 1). The subjects had no prior history 
of knee injury or surgery to the lower limbs.

Test protocol

Subjects performed unloaded knee flexion, squatting, and 
stair descent. To perform unloaded flexion, the subject was 
in a seated position and flexed the braced knee from full 
extension to 90° over 2 s. To perform the squat, the subject 
stood in full extension and squatted to 90° of flexion over 
2 s. The stair descent activity required subjects to descend 
three stairs at 75 steps per minute, and the data from the 
third stair were analysed. The first step was taken with the 
braced leg. The rate of steps during stair descent was deter-
mined during pilot testing and was slightly slower than 
what has been reported for flat level walking (90 steps per 
minute) [21].

Functional braces

Two braces were evaluated on each subject: a SF PCL 
brace (PCL-Jack brace, Albrecht GmbH, Stephanskirchen, 
Germany) and a DF PCL brace (Rebound PCL brace, 
Össur Inc., Foothill Ranch, CA, USA). The SF brace has 
15 manually adjustable levels of static force which the 
brace applies to the posterior proximal tibia through a 
spring-loaded hinge. The level of force can be manually 
adjusted with a manufacturer provided hex driver. The DF 
brace reportedly applies a dynamic force to the posterior 
proximal tibia that increases with increased flexion through 
a tensioned cable and pulley system. The initial level of 
force of the DF brace at full extension can manually be 
adjusted through tensioning of the cable with three manu-
facturer provided torque knobs. Notably, the SF brace is 
designed with a stop at 0° and 90° of knee flexion, whereas 
the DF brace comes with a stop at 0° and 105°. Although 
the stops can be removed for both braces, they were left 
intact for this study to emulate standard clinical care. 
Proper brace sizing and fit were performed according to the 
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manufacturers’ recommendations. All braces were worn on 
the left leg. The DF brace was tested at each of the three 
force levels that correspond to the provided torque knobs. 
The SF brace was tested at force levels 5, 10, and 15.

Motion analysis

Prior to testing, five retro-reflective spherical markers 
(10  mm diameter) were securely attached to the subject 
to create a three-marker-per-segment configuration for the 
collection of lower extremity kinematic data. One marker 
was placed adjacent to the subject’s lateral malleolus, one 
marker was placed adjacent to the subject’s greater tro-
chanter, and three markers were placed on the lateral frame 
of the brace. A static trial was first obtained with the sub-
ject in full extension to document the initial flexion angle 
of the markers at the extended position. Subjects practiced 
the activities until they were comfortable and could repro-
ducibly perform the activities. Subsequently, one trial of 
each activity was collected. Three-dimensional marker 
position data were recorded using standard motion capture 
techniques using ten high-speed cameras (Motion Analysis 
Corp, Santa Rosa, CA, USA), sampled at 100 Hz. Three-
dimensional coordinates of the three markers were used to 
calculate flexion angles during the activities.

Pressure mapping

A calibrated pressure sensor (area: 27.9 mm ×  33.0 mm, 
thickness: 0.1 mm, Model 4000, Tekscan Inc., Boston, MA,  

USA) was used to quantify forces applied to the poste-
rior proximal tibia by each brace. The sensor was secured 
between the posterior aspect of the brace and the posterior 
compartment of the tibia with a custom fixture. The custom 
fixture ensured all anterior directed forces were captured by 
the sensor. Accuracy of the calibrated pressure sensor with 
custom fixture was verified with an Electropuls E1000 test 
frame (Instron, Norwood, MA, USA) to be within ±5  % 
of the indicated force for the force range observed in this 
study. Pressure data were recorded simultaneously with 
the motion capture data at 100 Hz using the corresponding 
software (I-Scan, Tekscan Inc.), and the total force on the 
sensor was recorded.

Data reduction

Simultaneous force and motion capture data were used 
to determine the anterior directed force that each brace 
applied to the proximal posterior tibia in relation to flexion 
angle. The data were analysed from 0° (or full extension) 
to 90° of knee flexion in 15° intervals using a custom algo-
rithm (MATLAB, The Mathworks, Natick, MA, USA).

Statistical analyses

An a priori power analysis was conducted and determined 
that six subjects were needed to detect a significant differ-
ence in anterior directed force at 30° of flexion with 80 % 
power between the SF brace and the DF brace. Data were 
analysed with linear mixed-effect models for each force 

Fig. 1   Subject descending 
stairs while wearing DF brace 
(left) and SF brace (right). 
Maximum flexion occurred at 
toe off
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level and each measurement with brace as a fixed repeated 
factor and flexion angle as a random repeated covariate. For  
all models, the SF brace was used as a baseline for param-
eter estimation and the additional contribution of the DF 
brace was determined.

Results

The median (minimum, maximum) forces applied to the 
posterior proximal tibia by the SF and DF braces for seated 
flexion, squat, and stair descent at the three force settings 
are reported in Table 1.

Unloaded flexion

During unloaded flexion at the lowest force level, the ante-
rior directed force applied to the posterior proximal aspect 
of the tibia by the SF brace did not significantly change as 
a function of flexion angle (slope = 0.0 N/°; n.s.) (Fig. 2). 
Conversely, the anterior directed force applied to the pos-
terior proximal aspect of the tibia by the DF brace did 
increase as a function of flexion angle (slope =  0.7  N/°; 
p  <  0.001) compared to the SF brace effect. The Y-inter-
cept, corresponding to the force at full extension, was not 
significantly different (n.s.) for the SF brace (23.6 N) and 
DF brace (18.6 N). However, by 45° of flexion, the average 

force applied by the DF brace (48.1 N) had become signifi-
cantly larger (p < 0.001) than the average force applied by 
the SF brace (25.0 N). Results for the other force level set-
tings are similarly reported in Table 2. A trend of increas-
ing force corresponding to higher force level settings was 
observed for both braces.

Squat

During squatting at the lowest force level, the ante-
rior directed force applied to the posterior proximal 
aspect of the tibia by the SF brace did not significantly 
change as a function of flexion angle (slope = 0.0 N/°; 
n.s.) (Fig.  2). Conversely, the anterior directed force 
applied to the posterior proximal aspect of the tibia by 
the DF brace did increase as a function of flexion angle 
(slope = 0.9 N/°; p < 0.001) compared to the SF brace 
effect. The Y-intercept, corresponding to the force at full 
extension, was not significantly different (n.s.) for the 
SF brace (32.7 N) and DF brace (23.5 N). However, by 
45° of flexion, the average force applied by the DF brace 
(64.7  N) had become significantly larger (p  <  0.001) 
than the average force applied by the SF brace (34.5 N). 
Results for the other force level settings are similarly 
reported in Table  2. A trend of increasing force corre-
sponding to higher force level settings was observed for 
both braces.

Table 1   Forces applied to the posterior proximal tibia by the DF brace and SF brace

Data reported as median (minimum, maximum)

Activity Force level Brace Full extension 15° 30° 45° 60° 75° 90°

Flexion Low SF brace 27 (21, 37) 27.5 (18, 33) 28 (18, 32) 27.5 (19, 33) 26 (18, 33) 22.5 (17, 33) 24 (17, 34)

DF brace 21 (17, 25) 24.5 (18, 29) 37 (23, 41) 45.5 (25, 57) 54 (33, 72) 64.5 (39, 89) 87.5 (60, 110)

Medium SF brace 36 (18, 46) 37.5 (18, 44) 36 (20, 43) 36 (22, 41) 35.5 (21, 38) 34 (22, 40) 34 (22, 40)

DF brace 35 (28, 49) 39.5 (33, 55) 51.5 (38, 71) 62.5 (42, 91) 73.5 (47, 108) 85.5 (57, 127) 107.5 (83, 164)

High SF brace 52.5 (24, 56) 55 (22, 56) 56.5 (25, 57) 56 (27, 57) 56 (28, 58) 55.5 (28, 59) 55.5 (30, 59)

DF brace 54.5 (46, 64) 56 (47, 66) 67 (50, 77) 79 (50, 93) 89 (56, 113) 102.5 (74, 147) 134 (106, 182)

Squat Low SF brace 28.5 (23, 37) 32 (24, 40) 34 (30, 46) 38 (29, 50) 38 (27, 53) 34 (23, 55) 33.5 (23, 57)

DF brace 24.5 (20, 30) 32 (27, 49) 50 (39, 77) 67.5 (49, 100) 78 (55, 113) 89 (53, 136) 98 (61, 162)

Medium SF brace 41.5 (20, 48) 46 (24, 52) 47.5 (29, 53) 49.5 (33, 53) 46 (35, 58) 46 (32, 58) 47 (33, 58)

DF brace 35.5 (22, 42) 42.5 (35, 54) 61 (46, 79) 77 (58, 106) 93.5 (66, 125) 106 (72, 146) 115.5 (78, 174)

High SF brace 53 (23, 59) 57.5 (28, 67) 61 (33, 68) 63.5 (39, 68) 64 (43, 68) 62 (44, 66) 62 (44, 70)

DF brace 44.5 (43, 58) 59.5 (45, 76) 75 (60, 100) 92.5 (68, 128) 115.5 (81, 152) 133 (91, 184) 152.5 (104, 238)

Toe off Toe strike

Stair descent Low SF brace 36.5 (28, 47) 45 (24, 59)

DF brace 81.5 (52, 105) 37.5 (21, 40)

Medium SF brace 41 (27, 50) 58.5 (21, 68)

DF brace 101 (56, 116) 40.5 (39, 61)

High SF brace 49.5 (42, 56) 64 (30, 94)

DF brace 129.5 (66, 159) 69.5 (47, 95)
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Stair descent

For the lowest force setting, the force (mean ±  standard 
deviation) at toe off, which corresponded to the peak flex-
ion angle achieved during stair descent, was significantly 
higher (p = 0.013) for the DF brace (78.7 ± 21.6 N) than 
the SF brace (37.3 ± 7.2 N). The force at toe off applied by 
the SF brace (43.2 ± 12.0 N) was not significantly different 
(n.s.) from the DF brace (33.3 ± 8.2 N). The force applied 
by the DF brace significantly increased (p =  0.014) from 
toe strike to toe off. The force applied by the SF brace did 
not significantly change (n.s.). Results for the other force 
level settings are similarly reported in Table 3. A trend of 
increasing force corresponding to higher force level set-
tings was observed for both braces.

Discussion

The most important finding of this study was the dynami-
cally changing anteriorly directed force applied by the DF  
brace to the posterior proximal tibia as a function of flexion 
angle and the constant force applied by the SF brace. Addi-
tionally, forces applied by the DF brace were significantly 
larger than forces applied by the SF brace at higher flexion 

angles where the PCL is maximally loaded in vivo. The 
results of this study confirmed our hypothesis that forces 
applied by the DF brace would dynamically change as a 
function of flexion angle and forces applied by the SF brace 
would remain constant. Additionally, forces applied by the 
DF brace were confirmed to be significantly larger than 
forces applied by the SF brace by 45° of flexion and this 
difference continued to increase as flexion angle increased. 
The use of a static anterior directed load to the posterior 
tibia has been demonstrated to improve posterior knee lax-
ity following PCL reconstruction [1, 15, 25]. The authors 
theorize that more physiologic loading, rather than a pure 
static force, of a knee brace on a PCL reconstructed knee 
will further improve post-operative posterior knee lax-
ity. Clinical studies are needed to determine whether the 
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Fig. 2   Average force-flexion behaviour of the DF brace and SF brace 
during unloaded flexion (a) and squatting (b) at the medium force 
level setting

Table 2   Results of linear mixed-effect model for unloaded flexion 
and squat

a  Baseline comparison of SF brace to zero
b  Comparison of DF brace to SF brace

Activity Force level Model estimates SF brace DF brace p valueb

Flexion Low Y-intercept (N) 23.6 18.6 n.s.

p valuea <0.001 – –

Slope (N/°) 0.0 0.7 <0.001

p valuea n.s. – –

Force at 45° 25.0 48.1 0.003

Medium Y-intercept (N) 30.6 34.0 n.s.

p valuea <0.001 – –

Slope (N/°) 0.1 0.7 <0.001

p valuea n.s. – –

Force at 45° 32.9 67.7 0.002

High Y‐intercept (N) 41.6 47.2 n.s.

p valuea <0.001 – –

Slope (N/°) 0.1 0.8 <0.001

p valuea n.s. – –

Force at 45° 47.4 85.4 <0.001

Squat Low Y‐intercept (N) 32.7 23.5 n.s.

p valuea <0.001 – –

Slope (N/°) 0.0 0.9 <0.001

p valuea n.s. – –

Force at 45° 34.5 64.7 0.012

Medium Y-intercept (N) 39.4 33.6 n.s.

p valuea <0.001 – –

Slope (N/°) 0.1 1.0 <0.001

p valuea n.s. – –

Force at 45° 43.1 77.2 0.006

High Y-intercept (N) 47.0 46.4 n.s.

p valuea <0.001 – –

Slope (N/°) 0.2 1.2 <0.001

p valuea n.s. – –

Force at 45° 54.2 99.1 0.005
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dynamic loading characteristics of the DF brace observed 
in the present study will result in improved patient out-
comes following PCL reconstruction.

The force-flexion behaviour observed in the present 
study for the DF brace is similar to reports of the in situ 
force-flexion behaviour of the native PCL and reconstructed 
PCL [5, 6, 10, 11, 17, 22] (Fig. 3). Additionally, Iwata et al. 
[12] demonstrated that maximum posterior knee instabil-
ity in isolated PCL deficient knees during stair descent 
occurred immediately after toe off with the knee in deep 
flexion. This further highlights the need for increased sup-
port at deeper knee flexion angles during functional activi-
ties. Although the forces applied by the DF brace were less 
than reported tension in the PCL, the authors theorize that 
the increased forces applied by the DF brace during deep 
knee flexion may provide additional protection to the heal-
ing ligament or graft at these higher risk flexion angles. 
Additionally, the overall higher forces observed for the DF 
brace relative to the SF will provide additional resistance 

to posterior sag throughout full range of motion. The DF 
brace provides additional posterior support to the joint at 
flexion angles which place increased load on the PCL and 
demonstrates an important shift from static to dynamic and 
physiologic support of knee ligament injuries.

Despite the discrepancies between the static forces 
applied by the SF brace and dynamic in situ force behav-
iour of the native PCL, improved posterior knee laxity has 
been observed clinically with the application of a static 
anterior directed force to the posterior proximal tibia [1, 
15] and with the use of the SF brace [13, 25]. However, 
Jacobi et  al. [13] reported that posterior laxity was not 
restored to the intact state. The improved clinical outcomes 
reported for the SF brace despite the biomechanical limi-
tations encourage the use of braces with an anterior force 
mechanism for the treatment of PCL injuries. Further clini-
cal studies are needed to determine whether the improved 
biomechanical characteristics of the DF brace leads to pos-
terior stability more similar to the native state and improved 
clinical outcomes.

It is acknowledged that there were limitations to the pre-
sent study. Only asymptomatic, male subjects were tested. 
However, it was not necessary to have a PCL deficient pop-
ulation to characterize the force-flexion behaviour of the 
braces. Asymptomatic knees provided a control in which to 
compare the force patterns of the two braces. Additionally, 
the braces may behave differently on female subjects due 
to inter-gender anatomic and body composition variability. 
However, the authors theorize that although the magnitude 
of force may change, the observed static versus dynamic 
nature of the braces would be preserved due to the inher-
ent mechanical designs of the braces. Additionally, subjects 
were an active, healthy, and low BMI population and these 
results may not be transferable to populations with differ-
ent body compositions. Subjects performed the activities in 
a controlled laboratory setting, which is not representative 
of a high-intensity competitive setting. Additionally, patient 
compliance with brace prescription is a well-recognized 
challenge associated with current bracing technologies, 
and patient compliance associated with the braces tested 
in the present study is unknown. Therefore, no conclusions 
can be drawn on how the loading characteristics of these 
braces will influence long-term patient outcomes. However, 
this well-controlled and reproducible study design allowed 
for the braces to be evaluated in direct comparison and the 
activities were relevant to PCL injury and rehabilitation.

Conclusions

The DF brace applied dynamically increasing forces to 
the posterior proximal tibia as flexion angle increased and 
applied significantly larger forces at higher flexion angles 

Table 3   Inter-brace comparisons and step phase comparisons during 
stair descent

a  Comparison between SF brace and DF brace
b  Comparison between toe off and toe strike

Activity Force level Brace Toe off Toe strike p valueb

Stair 
descent

Low SF brace 37.3 (7.2) 43.2 (12.0) n.s.

DF brace 78.7 (21.6) 33.3 (8.2) 0.014

p valuea 0.013 n.s. –

Medium SF brace 40.2 (7.7) 54.2 (17.5) n.s.

DF brace 90.5 (27.3) 44.3 (8.4) n.s.

p valuea 0.011 n.s. –

High SF brace 49.8 (5.3) 61.8 (22.1) n.s.

DF brace 114.3 (37.6) 71.3 (16.4) n.s.

p valuea 0.009 n.s. –
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DF brace and SF brace at the highest force setting during squatting
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where the PCL is known to experience larger in situ forces. 
Clinical studies are necessary to determine whether the 
loading characteristics of the DF brace, which more closely 
replicated the in situ loading profile of the native PCL, 
results in long-term improved posterior knee laxity follow-
ing PCL injury.
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