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A Robotic Cadaveric Gait Simulator With Fuzzy
Logic Vertical Ground Reaction Force Control

Patrick M. Aubin, Member, IEEE, Eric Whittaker, and William R. Ledoux

Abstract—Lower limb dynamic cadaveric gait simulators are
useful to investigate the biomechanics of the foot and ankle, but
many systems have several common limitations, which include
simplified tendon forces, nonphysiologic tibial kinematics, greatly
reduced velocities, scaled body weight (BW), and, most impor-
tantly, trial-and-error vertical ground reaction force (vGRF) con-
trol. This paper presents the design, development, and validation
of the robotic gait simulator (RGS), which addresses these limita-
tions. A 6-degrees-of-freedom (6-DOF) parallel robot was utilized
as part of the RGS to recreate the relative tibia to ground motion. A
custom-designed nine-axis proportional-integral-derivative (PID)
force-control tendon actuation system provided force to the ex-
trinsic tendons of the cadaveric lower limb. A fuzzy logic vGRF
controller was developed, which altered tendon forces in real time
and iteratively adjusted the robotic trajectory in order to track a
target vGRF. The RGS was able to accurately reproduce 6-DOF
tibial kinematics, tendon forces, and vGRF with a cadaveric lower
limb. The fuzzy logic vGRF controller was able to track the target
in vivo vGRF with an average root-mean-square error of only 5.6%
BW during a biomechanically realistic 3/4 BW, 2.7-s stance phase
simulation.

Index Terms—Force control, gait simulation, medical robots and
systems, neural and fuzzy control, parallel robotics.
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I. INTRODUCTION

THE foot and ankle are complex in both their anatomy and
function. During the stance phase of gait, the tibia has

6-degrees-of-freedom (DOF) motion, while the plantar surface
of the foot interacts with the ground, creating a 3-D ground
reaction force (GRF), free moment, and dynamic pressure
distribution. The twelve extrinsic muscles of the lower limb
continuously change force to actively provide balance, stability,
and propulsion. The foot has 26 small, intricately shaped bones
that form many joints with complex kinematics.

Dynamic cadaveric in vitro gait simulators have been em-
ployed to further our understanding of the foot and ankle’s nor-
mal and pathologic function [1]–[6], investigate disease [7] and
injury [8] etiology, evaluate surgical treatments [9]–[11], and
explore prosthetic gait [12]. However, to accurately mimick the
motion, forces, torques, and pressure distributions of the foot
and ankle in vitro is challenging, and many systems suffer from
several limitations, including 1) simplified tendon actuation,
2) nonphysiologic tibial kinematics, 3) greatly reduced veloc-
ities, 4) scaled body weight (BW), and 5) open-loop vertical
GRF (vGRF) control.

Tibial kinematics often have only 3-DOF controlled to help
simplify the design of complex custom-made gait simulators
[1]–[6]. In contrast, a group which employed an industrial robot
developed a 6-DOF gait simulator [7]. Similarly, the number of
extrinsic tendons independently actuated has previously been
reduced to five [7], six [1], [3], [6], seven [4], [5], or eight [2]
in order to simplify mechanical design.

The simulation of the stance phase of gait with a cadav-
eric model at biomechanically realistic velocities has also been
challenging. The fastest simulator known to the authors recently
operated at 2 s impressively, which is only three to four times
slower than in vivo, but the in vitro vGRF lacked the charac-
teristic second propulsion peak seen in vivo [2]. Other systems
with more biomechanically realistic vGRFs have performed at
3.2 [7], 10 [10], ∼12 [3], [6], 20 [1], and 60 s [4], [5].

Scaling the vGRF to less than the BW is another limitation
of many gait simulators. Full BW cadaveric simulations require
a strong simulation apparatus with large, expensive, high force
actuators, and younger, more robust cadaveric feet. The for-
mer was given as the reason the vGRF was scaled to a peak
force of only 340–590 N (i.e., equal to a BW of approximately
31.7–54.7 kg) [2] and on average 42.7 kg [7]. The latter, namely
that most cadaveric specimens that are acquired are old, frail, and
easily fail, was reported by several groups as the reason they per-
formed simulations at 40% BW [1], 37.3 kg [10], and 34.8 kg [4],
[5]. Other investigators have simulated 100% BW, but used light-
weight donors, i.e., BWs ranging from ∼35 to ∼54 kg [3], [6].
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Lower limb cadaveric gait simulators aim to reproduce a
normative vGRF in vitro, yet the majority of these systems
use an open-loop trial-and-error method to achieve the desired
vGRF [1]–[3], [6], [10]. Open-loop trial-and-error vGRF control
is an iterative process, whereby the tendon forces and/or tibial
kinematics are adjusted ad hoc to achieve the desired vGRF.
This method has been described by various groups as a manual
iterative process [10], tuning procedure [13], exhaustive pre-
liminary experiments [4], or repeated simulations [1]. During
these simulations, the operator uses their expert knowledge of
lower limb muscle and joint function to make educated trial-
and-error guesses as to which muscle or kinematic input should
be adjusted to achieve the desired vGRF. Compared with a trial-
and-error method, closed-loop feedback control of the vGRF
would likely improve the in vitro vGRF tracking accuracy and
reduce the number of preliminary tuning simulations necessary
to achieve vGRF tracking.

Given the variety of controllers that could be employed to
prescribe the vGRF, a fuzzy logic control system is well suited
for our application. A fuzzy logic controller can leverage the
expert knowledge that we have acquired from prior gait simu-
lations [10], [12] by embedding these heuristics into the fuzzy
logic rule base [14]. Furthermore, a fuzzy logic vGRF controller
can address four major challenges of the system, namely that
it is 1) nonlinear, 2) ill defined, 3) underdetermined, and 4) a
multiple-input and output system. As a model-free paradigm,
a fuzzy rule-based controller is well suited for highly nonlin-
ear multiple-input multiple-output systems [15]. A fuzzy logic
force control system that was recently developed by Tain to
investigate the load-displacement characteristics of the human
spine using a robotic testing system was also recently shown to
outperform hybrid control [16].

While neural networks, genetic algorithms, and other compu-
tational algorithms could not utilize our prior expert knowledge
as directly as fuzzy logic control, they could address the four
major challenges that are listed earlier. However, they are un-
suitable for our specific application for other reasons. Unlike
a computational model, which can be used thousands of times
repeatedly, a cadaveric model degrades rapidly with use. Typ-
ically, a cadaveric foot can be used for 2–5 days and at most
for approximately 100 simulations. Old frail feet degrade even
quicker and sometimes last no longer than a few simulations.
Thus, any control system, such as an artificial neural network,
that requires repeated simulations or the generation of a large
dataset for training is not well suited for a cadaveric model. To
perform a large number of cadaveric simulations would require
both an exorbitant amount of time and specimens.

Thus, in review of these considerations, the aim of this study
was to develop a robotic gait simulator (RGS) with closed-loop
fuzzy logic vGRF control, which has the ability to 1) actuate
nine extrinsic tendons, 2) prescribe 6-DOF physiologic tibial
kinematics, 3) operate at biomechanically more realistic speeds,
and 4) accurately simulate larger vGRFs.

II. METHODS

A. Living Subject Gait Data Collection

Kinematic and kinetic gait data were collected from ten living
subjects performing four or five repeated gait trials in our motion

Fig. 1. Exploded view of the RGS with (A) surrounding frame; (B) motor
attached to R2000 base; (C) mobile force plate; (D) cadaveric foot; (E) mobile
top plate; (F) tibia mounting device; (G) tendon actuation system; and (H) six-
camera motion analysis system with only one camera shown. The coordinate
systems shown are the ground (GND), plate (PLA), robot base (ROB), tibia
(TIB), and motion analysis system (CMD).

analysis laboratory. A 12-camera motion analysis system (Vi-
con, Lake Forest, CA) recorded the rigid body motion of the tibia
(TIB) with respect to the laboratory ground coordinate system
(GND). The tibial motion was described with a time-dependent
4× 4 homogeneous transformation matrix TGNDTIB (n). A force
plate (Bertec Corporation, Columbus, OH) sampling at 600 or
1500 Hz recorded the GRF. In vivo musculotendinous forces
were estimated from values that are reported in the literature for
the muscles’ physiological cross-sectional area (in square cen-
timeters) [17], maximum specific isometric tension (in newtons
per square centimeter) [18], activation level (in percent) [19],
and electromechanical delay [20]. The Achilles (Ach) tendon
force was taken from [21], where it was measured directly.

B. Robotic Gait Simulator

The RGS consists of an R2000 6-DOF parallel robot
(Mikrolar Inc., Hampton, NH), nine brushless DC linear tendon
force actuators (Exlar Corporation, Chanhassen, MN) in series
with nine load cells (Transducer Techniques Inc., Temecula,
CA), a force plate (Kistler Instrument Corporation, Amherst,
NY), a real-time peripheral component interconnect extensions
for instrumentation (PXI)-embedded controller (National In-
struments Corporation, Austin, TX), and a PC user interface
(see Fig. 1). The RGS uses inverse motion between the cadav-
eric tibia and the ground. To simulate gait, the tibia was held
fixed in place, while the R2000 moved the force plate to recreate
the relative tibia to ground motion. Tendon force was controlled
by a real-time nine-axis PID force controller running on the PXI.
The robot motion and GRF data acquisition, tendon force, and
six-camera motion analysis system (Vicon, Lake Forest, CA)
were synchronized to a 5-V trigger at heel strike.

C. Fuzzy Logic Vertical Ground Reaction Force Control

A fuzzy logic controller has three steps: fuzzification, in-
ference, and defuzzification. Fuzzification is the conversion of
a numerical value of the input variables into a corresponding
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linguistic value by the association of a membership degree
via a membership function. Inference uses a fuzzy implication
method, such as minimum or Mamdani [22], and a fuzzy rule
base to determine a fuzzy output set based on the input variables.
Defuzzification is the process to determine a crisp output value
from a fuzzy output set using a method, such as center of gravity
(COG) [23]. The fuzzy logic control is suitable for ill-defined
systems, where human experience is available for control-rule
synthesis [14]

The fuzzy logic vGRF controller was comprised of three dis-
tinct multiple-input single-output fuzzy logic controller blocks,
namely 1) an Ach tendon force controller, 2) a tibialis anterior
(TA) tendon force controller, and 3) a force-plate-position con-
troller. Previous trial-and-error simulation adjustments to TA’s
force and to the force plate’s position were shown to affect the
first peak of the vGRF, while adjustments to the Ach tendon
force affected the second peak of the vGRF [10]. The vGRF
during the entire stance phase of gait was controlled by the
adjustment of the force plate’s position, TA’s force, and Ach’s
force at various times in the stance phase. Thus, the percent
stance phase (stance) was chosen as an input variable.

The membership functions for the percent stance phase vari-
able (stance) were based on physiological events that occur
during the stance phase of gait. Heel strike is the moment the
heel strikes the ground and the vGRF quickly increases. From
heel strike to foot flat, the center of pressure is posterior to the
ankle joint, creating a negative ankle-joint torque (plantar flex-
ion torque) [19]. During this time, TA is active, slowing the
plantar flexion of the ankle and advancing the tibia forward in
the sagittal plane. Foot flat occurs at 16.6% of the stance phase
when the forefoot touches the ground [19]. After foot flat, TA’s
force decreases, while the Ach tendon force increases, causing
the center of pressure to move anteriorly until it is underneath
the metatarsal heads at 43.5% of the stance phase [19]. As the
center of pressure advances anteriorly, i.e., away from the an-
kle joint, the ankle-joint torque increases (dorsiflexion torque).
Shortly after, at 50% of the stance, heel rise occurs, while the
Ach tendon force and ankle-joint torque continue to increase.
With the heel raised, the center of pressure remains underneath
the metatarsophalangeal joints, which act as a rocker for the
foot until the contralateral limb strikes the ground at 83% of the
stance phase [19]. Heel strike of the contralateral limb quickly
unloads the ipsilateral limb, the center of pressure moves ante-
rior of the metatarsophalangeal joints, and TA becomes active,
preparing the limb for the swing phase of gait. The stance phase
of gait ends with toe off. Based on these events, the stance
variable, which had a range of 0–100%, was partitioned into
the following four fuzzy sets: heel strike (0–3.3%), load re-
sponse (3.3–16.6%), midstance (16.6–43.5%), and late stance
(43.5–100%) (see Fig. 2). The membership functions for each
fuzzy set were piecewise linear.

The Ach tendon fuzzy logic controller had the following
three inputs: percent stance phase, i.e., stance; the vGRF er-
ror, i.e., vGRFerror ; and the integral of the vGRF error, i.e,
ΣvGRFerror . The vGRFerror and ΣvGRFerror inputs were par-
titioned into three fuzzy sets: negative (N), zero (Z), and positive
(P) (see Fig. 3). The range of the input variables vGRFerror and

Fig. 2. Membership functions for heel strike, load response, midstance, and
late stance fuzzy sets.

Fig. 3. Ach tendon fuzzy logic controller’s membership functions for the two
inputs vGRFerror and ΣvGRFerror , and the output ΔFAch . The fuzzy sets
are large negative LN, small negative SN, negative N, zero Z, positive P, small
positive SP, and large positive LP.

ΣvGRFerror was ±600 N and ±20 N·s, respectively, for the Ach
fuzzy logic controller (see Fig. 3). The Ach tendon fuzzy logic
controller’s membership functions were piecewise linear.

The output of the Ach tendon fuzzy logic controller was a
change in the Ach tendon force ΔFAch with a range of±1400 N.
The output variable ΔFAch was partitioned into the following
five fuzzy sets: large negative LN, small negative SN, zero (Z),
small positive SP, and large positive LP (see Fig. 3). The mem-
bership functions were piecewise linear.

The rule base for the ΔFAch fuzzy logic controller (see
Table I) was designed so that when stance has membership
in late stance, the vGRF is controlled via adjustments to the
target Ach tendon force. When stance has membership in the
heel strike, load response, or midstance fuzzy sets, the rule base
stated that ΔFAch will be zero. For each activated fuzzy rule,
a minimum inference method was performed, followed by a
maximum composition and a COG defuzzification to determine
a crisp ΔFAch control output.

The TA tendon fuzzy logic controller had the following three
inputs: percent stance phase (stance) (see Fig. 2), the vGRF
error, i.e., vGRFerror , and the integral of the vGRF error, i.e.,
ΣvGRFerror . The vGRFerror and ΣvGRFerror inputs were parti-
tioned into the following three fuzzy sets: N, Z, and P (see Fig. 4).
The range of the input variables vGRFerror and ΣvGRFerror
were ±600 N and ±40 N·s, respectively, (see Fig. 4). The TA
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TABLE I
RULE BASE FOR THE CONTROL OUTPUT ΔFAch WHEN stance HAS

MEMBERSHIP IN late stance

Fig. 4. TA fuzzy logic controller’s membership functions for input variables
vGRFerror and ΣvGRFerror and output variable ΔFTA . The fuzzy sets are
large negative LN, small negative SN, negative N, zero Z, positive P, small
positive SP, and large positive LP.

TABLE II
RULE BASE FOR THE CONTROL OUTPUT ΔFTA WHEN stance HAS

MEMBERSHIP IN THE heel strike OR load response

tendon fuzzy logic controller’s membership functions were
piecewise linear.

The output of the TA controller was a change in the TA tendon
force ΔFTA with a range of ±100 N. The output variable ΔFTA
was partitioned into the following five fuzzy sets: LN, SN, Z, SP,
and LP (see Fig. 4). The membership functions were piecewise
linear.

The rule base for the ΔFTA fuzzy logic controller was de-
signed so that when stance has membership in the heel strike
or load response sets, the vGRF is controlled via adjustments
to the target TA tendon force (see Table II). When stance has
membership in the midstance or late stance fuzzy sets, the rule
base stated that ΔFTA will be zero.

For each activated fuzzy rule, a minimum inference method
was performed, followed by a maximum composition and a
COG defuzzification to determine a crisp ΔFTA control output.

Fig. 5. Force-plate-position fuzzy logic controller’s membership functions
input vGRFerror and output Δx. The fuzzy sets are large negative LN, small
negative SN, zero Z, small positive SP, and large positive LP.

TABLE III
RULE BASE FOR THE CONTROL OUTPUT ΔX

The change in force–plate-position fuzzy logic controller had
one input, i.e., vGRFerror , with a range of±500 N and one output
Δx, with a range of ±0.5 mm (see Fig. 5). The vGRFerror input
was partitioned into the following five fuzzy sets: LN, SN, Z,
SP, and LP. The Δx output was partitioned into the following
five sets: LN, SN, Z, SP, and LP (see Fig. 5).

The rule base for the Δx fuzzy logic vGRF controller was de-
signed so that when stance has membership in the load response
or midstance sets, the vGRF is controlled via adjustments to Δx
(see Table III). When stance has membership in the heel strike or
late stance fuzzy sets, the rule base stated that Δx will be zero.
For each activated fuzzy rule, a minimum inference method was
performed, followed by a maximum composition and a COG
defuzzification to determine a crisp Δx control output.

The membership functions for the vGRFerror were designed
to achieve a nonlinear Δx response for a given vGRFerror . Be-
cause of the nonlinear properties of the plantar fat, the stiff-
ness increases with increasing strain [24]. The nonlinear Δx
response accommodates the cadaveric foot’s nonlinear stiffness
by assumption that if the vGRFerror is large, the system is op-
erating in an area of low stiffness and larger Δx responses are
warranted. A small vGRFerror means the system is operating in
an area of high stiffness and the Δx output should be smaller.

In contrast with the ΔFAch and ΔFTA controllers, the Δx
fuzzy logic vGRF controller was an iterative rather than a real-
time controller. The output from the fuzzy logic controller for
the simulation j−1 was written as Δx(n)j−1 and used to alter
the R2000’s jth simulation trajectory. The R2000’s trajectory
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Fig. 6. Block diagram of the RGS fuzzy logic vGRF controller. The controller’s output ΔFAch and ΔFTA were added to the in vivo Ach and TA tendon force
estimate, respectively, and sent to the PID tendon force controller as the target tendon force. The controller’s output Δx(n)j is shown as a dotted line because it
was updated iteratively rather than in real time.

for the jth simulation was described by TROB PLA(n)j , i.e., the
4 × 4 homogeneous transformation matrix representation of
the pose of the R2000’s plate (PLA) coordinate system with re-
spect to the robot coordinate system (ROB). The time-dependent
transformation matrix for the jth simulation TROB PLA(n)j was
written as

TROB PLA(n)j =
[

RROB PLA(n)j qROB PLA(n)j

0 1

]
(1)

where RROB PLA(n)j and qROB PLA(n)j specify the rotation
matrix and translation vector of the PLA with respect to the
ROB, respectively. After each simulation with learning was
complete, the iteration domain R2000 trajectory update con-
trol law (2) was used to create a new R2000 trajectory for the
next simulation. The control law maintained the same angular
relationship between the GND and the TIB but translated the
GND origin by an amount Δx(n)j−1 along its x-axis, i.e., the
axis normal to the force plate surface.

TROB PLA (n)j

=
RROB PLA (n)1 qROB PLA (n)j−1 + RROB PLA (n)1 · Δx(n)j−1

0 1

(2)

The fuzzy logic vGRF controller was developed using
Labview’s fuzzy logic toolbox and deployed on a PXI-
embedded real-time controller. The ΔFAch and ΔFTA output
of the fuzzy logic controller was added to the in vivo estimate
of Ach and TA tendon forces, respectively, and sent to the PID
tendon-force controller as the target tendon forces (see Fig. 6).

The Δx(n) output from the fuzzy logic vGRF controller was
filtered with a second-order 5-Hz Butterworth low-pass filter
and used to update the R2000 trajectory iteratively between gait
simulations (see Fig. 6).

Preliminary simulations using a modified endoskeletal single-
axis prosthetic foot (Ohio Willow Wood, Mt. Sterling, OH) were
performed, while manually adjustment of the range of the fuzzy
set until the satisfactory vGRF tracking was attained.

D. Trajectory Optimization

Before simulations could be performed, the cadaveric spec-
imen had to be registered to the R2000, and the appropriate
robotic trajectory had to be determined. Tibial registration and
trajectory optimization was a process that sought to determine
the R2000 trajectory. This produced the desired TIB with respect
to GND motion, while keeping the PLA trajectory TROB PLA
within the working volume of the R2000 and minimizing the
peak R2000 motor velocity. To perform the registration and op-
timization, a tibial coordinate system was constructed from the
four markers attached to the tibia. The coordinate system was
consistent with the ISB standard, with the x-axis that points
anteriorly, y-axis that points superiorly, and z-axis that points
medially for a left foot and laterally for a right foot. A six-
camera motion analysis system was used to determine the pose
of TIB with respect to CMD, i.e., the 4 × 4 homogeneous trans-
formation matrix TCMD TIB :

TCMD TIB =
[

Ry (θy )Rx(θx)Rz (θz ) qCMDTIB

0 1

]
. (3)
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The pose of the CMD with respect to the ROB frame TROB CMD
was explicitly known based on the calibration of the Vicon cam-
era system. The time-independent pose of the PLA frame with
respect to the GND frame TGND PLA was explicitly known
based on the mounting of the force plate and the selection
of the location of GND on the surface of the force plate.
Given these three transformations and the recorded in vivo tibia
kinematics TTIB GND(n), the time-dependent R2000 trajectory
TROB PLA(n) was calculated as

TROB PLA (n) = TROB CM D · TCM D TIB · TTIB GND (n) · TGND PLA .

(4)
The R2000’s inverse kinematic map g−1(·) was then used

to calculate the R2000 motor displacements per time step, a
value proportional to the motor velocity, in units of motor en-
coder counts, Δϑ(counts) ∈ R6 , for the given R2000 trajectory
TROB PLA(n):

Δϑ(n) = g−1(TROB PLA(n)) − g−1(TROB PLA(n − 1)). (5)

The maximum motor displacement per time step
Δϑmax (counts) ∈ R1 , for a given TROB PLA(n) trajectory, was
determined by

Δϑmax(counts) = ||max(Δϑ(n))||∞ (6)

i.e., the infinity norm of the maximum value of Δϑ(n) over all
n. Combining (4)–(6) gives the full expression for Δϑmax :

Δϑmax = ||max(g−1 (TROB CMD · TCMD TIB · TTIB GND(n)

· TGND PLA) − g−1 (TROB CMD · TCMD TIB

·TTIB GND(n − 1) · TGND PLA)) ||∞. (7)

The maximum motor displacement per time interval Δϑmax was
minimized by positioning the tibia into an optimal TCMD TIB
pose. Not all six DOFs in TCMD TIB and TGND PLA could be var-
ied in order to minimize Δϑmax because the RGS tibia mount-
ing system only allowed for easy adjustments to the internal–
external rotation of the tibia θx and the superior–inferior trans-
lation of the tibia with respect to CMD qCMD TIBx

. Similarly,
the GND frame was required to be on the surface of the force
plate and parallel to the force plate but could have a varied
medial–lateral position qGND PLAx

or anterior–posterior posi-
tion qGND PLAz

. After the cadaveric foot was secured into the
tibia pot and mounted onto the RGS, four variables, i.e., θx ,
qCMD TIBx

, qGND PLAx
, and qGND PLAz

were altered by repo-
sitioning the tibia or changing the GND position in order to
minimize the maximum motor displacement Δϑmax .

An exhaustive search optimization routine was employed
to find values of θx , qCMD TIBx

, qGND PLAx
, and qGND PLAz

,
which minimized Δϑmax for a given TTIB GND(n) trajectory:

[θx qCMD TIBx
qGND PLAx

qGND PLAz
]optimal

= arg min
θx qC M D T IB x qG N D P L A x qG N D P L A z

(Δϑmax). (8)

A finite search grid over which the minimization was performed
was created with a step size of 2◦, 5 mm, 5 mm, and 10 mm for
θx , qCMD TIBx

, qGND PLAx
, and qGND PLAz

, respectively.

After the optimization was complete, the cadaveric foot was
repositioned to be roughly equal to the optimal pose using the
tibial mounting device. The exact pose of the tibia TCMD TIB
was determined once again with the six-camera motion analysis
system and repositioning was repeated as necessary. The final
value of TCMD TIB was used in (4) to determine the optimized
R2000 trajectory used for subsequent simulations.

E. Cadaveric Simulations

Six cadaveric lower limb specimens, i.e., five male and one
female, with a mean age of 75.8 years (range 69–85 years) and
a mean BW of 62.2 kg (range 59–68.1 kg) were acquired for
this Institutional Review Board (IRB)-approved study. Approx-
imately 10 cm of the extensor hallucis longus (EHL), extensor
digitorum longus (EDL), TA, tibialis posterior (TP), flexor hal-
lucis longus (FHL), flexor digitorum longus (FDL), peroneus
brevis (PB), and peroneus longus (PL) tendons were dissected
and attached to aluminum or plastic tendon clamps. A specially
designed liquid-nitrogen freeze clamp was used on the Ach ten-
don for additional holding strength. A 1.27-cm diameter drill bit
was used to hollow out the tibial intramedullary canal. An alu-
minum dowel was inserted into the canal and attached to a 4-cm
diameter metal cylinder, which surrounded the proximal tibia.
A 5-cm screw was drilled through the mounting device, tibia,
and fibula, securing them in place, and the cylinder was filled
with polymethylmethacrylate. The cadaveric was then mounted
onto the RGS in the optimum pose as described earlier.

During preliminary RGS trials, a superior–inferior offset to
the R2000 trajectory and the Ach tendon force gain G were
adjusted iteratively to slowly increase the first and second peaks
of the vGRF from zero to approximately 75% BW. Once the two
vGRF peaks were roughly equal to their target peak forces, the
fuzzy logic vGRF controller was enabled and a quartet of trials,
three “learning” trials and one “final” trial, was performed with a
recovery time of approximately 45 s between each learning trial.
The four trials had the added benefit of allowing the foot tissues
to precondition and to insure a more constant force deformation
response. During the recovery time, the iterative fuzzy logic
vGRF controller determined Δx(n)j+1 for the next trial so that
the in vitro vGRF would track the target in vivo vGRF. For each
foot, three simulation quartets were collected.

F. Statistical Methods

Statistical analysis was performed to characterize differences
between the in vivo and in vitro vGRF and TIB to GND angles.
For each in vivo and in vitro trial, the following vGRF summary
measures were calculated: first peak (N/BW), first peak time
(%), second peak (N/BW), second peak time (%), minimum
between peaks (N/BW), minimum time (%), and vGRF integral
(N·s/BW). The mean vGRF and SDs for each sample point were
also computed. Differences in the mean vGRF and summary
measures were assessed using linear mixed effects regression
with the mean vGRF or summary measure as the dependent
variable, foot type as the independent variable, and foot as a
random effect to account for multiple trials for each foot.
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Fig. 7. Mean ±1 SD in vitro vGRF for all six feet with three trials per foot
(blue) compared with the target mean ± 1 SD in vivo vGRF (gray). The black
sections at the bottom indicate which samples had significant differences in the
mean vGRF between the in vivo and in vitro feet.

For each in vivo and in vitro trial, mean tibia angles and
SDs for each sample point were computed. Because the in
vivo and in vitro trials had different sampling rates, two-sample
t-tests comparing upsampled mean in vivo angles with the mean
in vitro angles were carried out. All analyses were performed
with R 2.9.1 [25].

III. RESULTS

For each foot, the optimal values of TCMD TIB and TPLA GND
were determined such that the required TROB PLA trajectory
was within R2000’s working volume, and the R2000’s motor
velocities were minimized. Of the 720 trajectories analyzed, the
number of trajectories within the working volume of the R2000
ranged from 38 to 495. When comparing the optimal values of
TCMD TIB and TPLA GND versus their worst possible values, the
reduction in the maximum motor velocity ranged from 7.42%
to 64.40%.

The fuzzy logic vGRF controller demonstrated its ability to
accurately control the vGRF; the mean in vitro vGRF was within
±1 SD of the mean in vivo data for almost the entire stance phase
(see Fig. 7). The average RMS error between the target in vivo
and actual in vitro vGRF was 5.6% BW across all 18 final trials.
No statistically significant differences were found between the
magnitude and timing of the in vitro and in vivo vGRF first peak
(p = 0.4 and 0.6, respectively) or second peak (p = 0.3 and
0.8, respectively). The mean in vitro vGRF minimum was 5.9%
below that of in vivo (p = 0.0050); however, no difference was
found in its timing (p = 0.067), which occurred 4.9% earlier.
The integral of the in vitro vGRF was only 2.0% different from
that of in vivo (p = 0.02). See Table IV.

The vGRF fuzzy logic controller was precise. The within
specimen across trial in vitro vGRF variability was less than
the within subject in vivo vGRF variability (see Fig. 8). The
anterior–posterior GRF and medial–lateral GRF, although not
controlled, still roughly matched that of in vivo (see Fig. 9).

The RGS was able to replicate the in vivo kinematics of the
TIB with respect to GND. The sagittal-, frontal-, and transverse-
plane fixed angles of the TIB with respect to the GND were
almost entirely within ±1 SD of those found in vivo for all

TABLE IV
In vivo AND in vitro MEAN ±1 SD VGRF SUMMARY MEASURES

Fig. 8. Mean ±1 within subject SD for both in vitro (blue) and in vivo (gray)
vGRF. The plot demonstrates the precision of the vGRF controller with the
in vitro vGRF variability associated with differences within the specimen across
trials being less than the within subject in vivo variability.

Fig. 9. Mean ±1 SD in vitro (blue) medial–lateral (top) and anterior–posterior
(bottom) GRF compared with the target in vivo GRF (gray).

feet (see Fig. 10). The two-sample t-tests showed no significant
difference between the target in vivo and actual in vitro tibial
angles.

The RMS tracking error for the EHL, EDL, TP, FHL, FDL,
PB, and PL tendons ranged from 2.6 N for FDL to 5.6 N for
TP with a mean value of 3.9 N across all 18 final trials (see
Fig. 11 and Table V). The mean peak Ach and TA tendon forces
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Fig. 10. Mean in vivo ±1 SD tibia with respect to ground fixed angles (gray)
compared with mean in vitro±1 SD tibia angles for the frontal (blue), transverse
(red), and sagittal (green) planes for all six feet with three trials per foot. F =
frontal plane, T = transverse plane, S = sagittal plane.

Fig. 11. Estimated in vivo tendon force (black) compared with mean ±1SD
in vitro tendon force (gray). The estimated in vivo tendon force for Ach and TA
are shown in blue because they are not the target forces; rather, the target tendon
force was specified by the fuzzy logic vGRF controller.

TABLE V
In vitro TENDON FORCE TRACKING PERFORMANCE THAT IS REPORTED AS THE

MEAN ROOT-MEAN SQUARE ERROR

were 1273.0 N at 79.4% stance and 105.1 N at 15.2% stance,
respectively. The RMS tracking errors for the Ach and TA
tendon forces were not calculated because their estimated in vivo
tendon force were not the target forces, rather the target ten-
don force was specified in real time by the fuzzy logic vGRF
controller.

IV. DISCUSSION

The recreation of high-fidelity gait kinematics and kinetics
in vitro is a challenging complex task. During the stance phase
of gait, the tibia moves with 6-DOFs, the extrinsic tendons
of the lower limb have time-varying force profiles, and the
GRF is time-varying with peak forces that reach above BW.
Despite these challenges, several groups have developed dy-
namic in vitro gait simulators to study the biomechanics of the
foot and ankle [1]–[13]. These custom-built systems have many
limitations, including simplifying tibial kinematics [1]–[6]; re-
ducing the number of independently control tendons [1]–[7]; a
temporally scaled stance phase of 2 s [2], 3.2 s [7], 10 s [10],
∼12 s [3], [6], 20 s [1], and 60 s [4], [5]; a scaled vGRF of
31–55 kg, [2]–[7], [10], or 40% BW [1]; and a trial-and-error
vGRF control methodology [1]–[3], [6], [10]. In this study, we
overcame these limitations by leveraging an industrial robot, a
nine-axis force control tendon actuation system, and advanced
feedback control methods to prescribe a high-fidelity vGRF (see
Table VI).

By the employment of a 6-DOF parallel robot, the tibial kine-
matics were tightly prescribed in six DOFs. The accuracy of
the R2000 robot, which is approximately 50 μm under static
loading conditions, exceeds the accuracy of the motion anal-
ysis system that is used to measure the tibial kinematics. The
small variability and inaccuracy in the in vitro tibia kinematics
compared with the target in vivo kinematics (see Fig. 10) are
likely the result of limitations within the Vicon motion analysis
system including marker placement, occlusions, and collisions
but not the robot kinematics.
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TABLE VI
SUMMARY OF DYNAMIC CADAVERIC GAIT SIMULATORS COMPARED WITH THE RGS. FOLLOWING ABBREVIATIONS ARE USED TO DESCRIBE THE TIBIAL

KINEMATICS: SUPERIOR/INFERIOR TRANSLATION (S/I), ANTERIOR/POSTERIOR TRANSLATION (A/P), MEDIAL/LATERAL TRANSLATION (M/L),
SAGITTAL PLANE ROTATION (SAG.), FRONTAL PLANE ROTATION (FRONT.), AND TRANSVERSE PLANE ROTATION (TRANS.)

The trajectory optimization that is employed in this study
decreased the stance phase to 2.7 s: a substantial improvement
compared with our previous system (10-s stance phase [10]) and
many other gait simulators [1], [3]–[7] (see Table VI). Neverthe-
less a 2.7-s stance phase is still four times slower than the mean
stance phase that is recorded in vivo and remains a limitation of
the study.

The high stiffness inherent to parallel robots made the full BW
simulation possible with the RGS [12], but the first cadaveric
specimen tested failed at 100% BW, resulting in all remaining
simulations being performed at 75% BW. The 75% BWs ranged
from 44.3 to 51.1 kg, which is still higher than other investigators
who operated at 100% BW but used specimens with the BW
ranging from 35 to 50 kg (see Table VI). We recognize, however,
that scaling the vGRF is still a limitation of this study and hope
that younger specimens with better bone quality might allow for
future simulations to occur at 100% BW.

The closed-loop fuzzy logic vGRF control greatly improved
the fidelity of the vGRF as compared with the trial-and-error
muscle-force-adjustment method that was previously used by
our group and others [3], [6] (see Table VI). An earlier version
of the RGS, which employed the trial-and-error vGRF control,
had a vGRF RMS tracking error of 30.0% BW [10]. The fuzzy
logic vGRF controller used in this study was able to reduce this
to 5.6% BW.

There are several small but notable limitations of the vGRF
tracking performance. The in vitro vGRF was typically below
the target in vivo vGRF shortly after heel strike (see Fig. 7). This
is likely the result of the reduced simulation velocity. Increasing
the simulation velocity would increase the rotational plantar
flexion acceleration of the foot just after heel strike and result in
a larger vGRF at this time. A greater velocity also might better
model the heel-strike impulse typical of the in vivo vGRF.

The second notable performance limitation of the fuzzy logic
vGRF controller is the consistent undershoot of the first peak of
the vGRF (see Fig. 7). The undershoot most likely results from
the definition of the membership functions for the fuzzy subsets
LN, SN, Z, SP, and LP for the input variable vGRFerror . These
membership functions were designed purposefully to reduce
high-frequency Δx oscillations by creating a dead band in the
output variable Δx for very small values of vGRFerror . The
consistent undershoot was likely created by this dead band and
the fact that the vGRF was typically below the target vGRF
when the fuzzy logic vGRF was enabled. Decreasing the dead
band and increasing the fuzzy logic vGRF responsiveness to
small values of vGRFerror would likely reduce the undershoot.

The third limitation of the vGRF tracking is the minimum
between peaks being persistently below the target at approxi-
mately 43% of the stance phase (see Fig. 7). This undershoot,
which is present when the Ach tendon fuzzy logic controller
becomes active, results in the Ach tendon force quickly increas-
ing to compensate (see Fig. 11). This behavior, as well as the
in vitro second peak vGRF, being on average 1.7% below the
target, might be resolved through further tuning of the fuzzy
sets.

V. CONCLUSION

In this paper, the RGS, i.e., a novel dynamic cadaveric gait
simulator, has been developed and validated. A fuzzy logic
vGRF controller has been designed, which iteratively altered
the tibial kinematics and the TA and Ach tendon forces in real
time in order to control the vGRF with greater fidelity than
the current state of the art. A parallel robot has been used to
accurately and repeatable prescribe TIB with respect to GND
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kinematics. The RGS is a useful tool for biomechanics investi-
gations of normal and pathologic feet.

REFERENCES

[1] K. Kim, H. B. Kitaoka, Z. Luo, S. Ozeki, L. J. Berglund, K. R. Kaufman,
and K. An, “In vitro simulation of the stance phase in human gait,” J.
Musculoskeletal Res., vol. 5, pp. 113–122, Jun. 2001.

[2] C. J. Nester, A. M. Liu, E. Ward, D. Howard, J. Cocheba, T. Derrick, and
P. Patterson, “In vitro study of foot kinematics using a dynamic walking
cadaver model,” J. Biomech., vol. 40, pp. 1927–1937, 2007.

[3] N. Okita, S. Meyers, J. Challis, and N. Sharkey, “An objective evaluation
of a segmented foot model,” Gait Posture, vol. 30, pp. 27–34, Jul. 2009.

[4] C. Hurschler, J. Emmerich, and N. Wulker, “In vitro simulation of stance
phase gait—Part I: Model verification,” Foot Ankle Int., vol. 24, pp. 614–
622, Aug. 2003.

[5] N. Wülker, C. Hurschler, and J. Emmerich, “In vitro simulation of stance
phase gait—Part II: Simulated anterior tibial tendon dysfunction and po-
tential compensation,” Foot Ankle Int., vol. 24, pp. 623–629, Aug. 2003.

[6] Y. M. Kirane, J. D. Michelson, and N. A. Sharkey, “Evidence of isometric
function of the flexor hallucis longus muscle in normal gait,” J. Biomech.,
vol. 41, pp. 1919–1928, 2008.

[7] D. Lee and B. Davis, “Assessment of the effects of diabetes on midfoot
joint pressures using a robotic gait simulator,” Foot Ankle Int., vol. 30,
pp. 767–772, Aug. 2009.

[8] S. W. Donahue, N. A. Sharkey, K. A. Modanlou, L. N. Sequeira, and
R. B. Martin, “Bone strain and microcracks at stress fracture sites in
human metatarsals,” Bone, vol. 27, pp. 827–833, Dec. 2000.

[9] E. D. Ward, K. M. Smith, J. R. Cocheba, P. E. Patterson, and R. D. Phillips,
“In vivo forces in the plantar fascia during the stance phase of gait: Se-
quential release of the plantar fascia,” J. Am. Podiatric Med. Assoc.,
vol. 93, pp. 429–442, Feb. 2009.

[10] A. F. Bayomy, P. M. Aubin, B. J. Sangeorzan, and W. R. Ledoux,
“Arthrodesis of the first metatarsophalangeal joint: A robotic cadaveric
study of dorsiflexion angle,” J. Bone Joint Surgery Amer., vol. 92, no. 8,
pp. 1754–1764, Jul. 21, 2010.

[11] J. D. Michelson, A. J. Hamel, F. L. Buczek, and N. A. Sharkey, “Kinematic
behavior of the ankle following malleolar fracture repair in a high-fidelity
cadaver model,” J. Bone Joint Surgery., vol. 84-A, pp. 2029–2038, Nov.
2002.

[12] P. Aubin, M. Cowley, and W. Ledoux, “Gait simulation via a 6-DOF
parallel robot with iterative learning control,” IEEE Trans. Biomed. Eng.,
vol. 55, no. 3, pp. 1237–1240, Mar. 2008.

[13] A. Hoskins, “Development and characterization of a robotic dynamic
activity simulator,” M.S. thesis, Dept. Mech. Eng., Penn. State Univ.,
Philadelphia, 2006.

[14] S. S. Farinwata, D. P. Filev, and R. Langari, Fuzzy Control: Synthesis and
Analysis. Hoboken, NJ: Wiley, 2000.

[15] T. Ross, Fuzzy Logic with Engineering Applications. Chichester, U.K:
Wiley, 2005.

[16] L. Tian, “An intelligent control method based on fuzzy logic for a robotic
testing system for the human spine,” J. Biomech. Eng., vol. 127, pp. 807–
812, Oct. 2005.

[17] T. Wickiewicz, R. Roy, P. Powell, and V. Edgerton, “Muscle architecture
of the human lower limb,” Clin. Orthopaedics Related Res., vol. 179,
pp. 275–283, 1983.

[18] T. Fukunaga, R. Roy, F. Shellock, J. Hodgson, and V. Edgerton, “Specific
tension of human plantar flexors and dorsiflexors,” J. Appl. Physiol.,
vol. 80, pp. 158–165, Jan. 1996.

[19] J. Perry, Gait Analysis. Thorofare, NJ: Slack, 1992.
[20] S. Zhou, D. Lawson, W. Morrison, and I. Fairweather, “Electromechanical

delay in isometric muscle contractions evoked by voluntary, reflex, and
electrical-stimulation,” Eur. J. Appl. Physiol. Occupat. Physiol., vol. 70,
pp. 138–145, Feb. 1995.

[21] M. Ishikawa, P. Komi, M. Grey, V. Lepola, and G. Bruggemann, “Muscle-
tendon interaction and elastic energy usage in human walking,” J. Appl.
Physiol., vol. 99, pp. 603–608, Aug. 2005.

[22] E. Mamdani, “Application of fuzzy logic to approximate reasoning using
linguistic synthesis,” IEEE Trans. Comput., vol. C-26, no. 12, pp. 1182–
1191, Dec. 1977.

[23] Z. Kovacic, Fuzzy Controller Design: Theory and Applications. Boca
Raton, FL: CRC/Taylor & Francis, 2006.

[24] A. Erdemir, M. Viveiros, J. Ulbrecht, and P. Cavanagh, “An inverse finite-
element model of heel-pad indentation,” J. Biomech, vol. 39, pp. 1279–
1286, 2006.

[25] R Development Core Team, A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing,
2009.

[26] L. D. Noble, Jr., R. W. Colbrunn, D. G. Lee, A. J. van den Bogert, and
B. L. Davis, “Design and validation of a general purpose robotic testing
system for musculoskeletal applications,” J. Biomech. Eng., vol. 132,
no. 2, pp. 025001-1–025001-12, Feb. 2010.

Patrick M. Aubin (M’03) received the B.S., M.S.,
and Ph.D. degrees from the University of Washing-
ton, Seattle, all in electrical engineering, in 2004,
2006, and 2010, respectively.

He was a Research Assistant with the Department
of Veterans Affairs, VA Puget Sound Health Care
System, Seattle, from 2005 to 2010. Currently, he is a
Visiting Scholar with the Department of Biomechan-
ics, Vilnius Gediminas Technical University, Vilnius,
Lithuania. His research interest includes biomedical
robotics and controls.

Dr. Aubin received the 2010 Whitaker International Scholar and the U.S.
Student Fulbright awards.

Eric Whittaker received the B.S. degree in biomedi-
cal engineering from the Georgia Institute of Technol-
ogy, Atlanta, in 2005 and the M.S. degree in biome-
chanics from the University of California, Davis, in
2009.

He has been a Research Biomedical Engineer with
the Department of Veterans Affairs, VA Puget Sound
Health Care System, Seattle, WA, since 2009.

William R. Ledoux received the B.S. degree in
biomedical engineering from Rensselaer Polytech-
nic Institute, Troy, NY, in 1992 and the M.S. and
Ph.D. degrees in bioengineering from the Univer-
sity of Pennsylvania, Philadelphia, in 1993 and 1999,
respectively.

He has been a Research Biomedical Engineer with
the Department of Veterans Affairs, VA Puget Sound
Health Care System, Seattle, WA, since 1999. He is
currently an Affiliate Associate Professor with the
Department of Mechanical Engineering and with the

Department of Orthopaedics and Sports Medicine, University of Washington.
His research interests include foot-type biomechanics, soft tissue mechanical
testing, and the relationship between foot structure and diabetic foot ulceration.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


