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ABSTRACT Robotic-assisted surgical procedures have recently increased in popularity in clinical environ-
ments. Applications of clinically approved surgical robots range from minimally invasive surgery to open
joint replacements. In hip and knee orthopaedic procedures, access to leg joint cavities require constant
manipulation of the patient’s leg to a high degree of accuracy to reduce surgical injuries. This study develops
a nine degree of freedom serial kinematic model of the human leg, using the well known Denavit Hartenberg
Parameters, for robotic-assisted leg manipulation during orthopaedic leg surgery. The proposed model is
validated through human cadaver experiments with an optical tracking system used as ground-truth to
measure the leg pose. The knee and foot workspace for the model determines the pose of the leg and in
comparing it to cadaver leg position. The positional error relative to the cadaver leg was found to be 0.43mm
and 0.4mm respectively, with a maximum uncertainty of 3.51mm in the foot position. It demonstrates that the
proposed model provides an accurate representation of the human leg motion for automated leg manipulation
during orthopaedic surgery.

INDEX TERMS Joint pose analysis, medical robotics, DH parameters, anatomical measurement, measure-
ment uncertainty.

I. INTRODUCTION
Joint surgeries are ergonomically challenging for surgeons,
who are required to perform a multitude of complex physical
and intellectual tasks simultaneously. For minimal invasive
surgeries (MIS) such as knee arthroscopy, the surgeon needs
to infer the three-dimensional internal structures from a two-
dimensional video stream as shown in Figure 1b, while con-
currently using both hands to steer the arthroscope and sur-
gical instruments. It is therefore common during orthopaedic
joint surgeries for surgeons to reach their mental and physical
limits. It is estimated that annually more than 4 million knee
arthroscopies are performedworldwide; equating to a $16 bil-
lion per year industry [1]. However, it is common for patients
to suffer from significant iatrogenic damage due to surgery.
Jaiprakash et al. showed that for knee arthroscopies, one in
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FIGURE 1. Leg positioning with a robotic manipulator (1a) and surgeon
(1b) during cadaver experiments.

ten patients have a 49.5% chance of cartilage damage as a
result of the surgery [2]. Robotic technologies, such as using
automated leg manipulation, can be leveraged to alleviate the
surgeon’s workload and increase surgical precision, resulting
in better outcomes for patients.
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To automate the manipulation of the human leg during
surgery, a robotic manipulator needs to ’know’ how to manip-
ulate the leg safely and accurately into a position, suitable
for surgery. The importance of leg motion is demonstrated
during a knee arthroscopy, where the surgeon sets the leg
angles (Figure 1b), by moving the patient’s foot to a specific
position, to create a gap inside the knee to allow the entry of
surgical equipment [3].

Based on the information from the inside of the knee
joint [4], a surgeon determines the hip and knee joint angles,
to change the instrument gap for surgical access [3]. For an
automated legmanipulator robot to set the correct joint angles
to produce the internal knee geometry during surgery, the
desired real-time foot positional information is required to
move its end-effector to that position (Figure 1a).

The human leg, as used in this study, starts from the femoral
ball joint at the hip and extends to the sole of the heel,
including the knee. From the hip to the heel, the leg has
twenty-one degrees of freedom (21DOF) – three in the hip
ball joint, six in the knee, six in the talocrural joint and
six across the subtalar joint (effectively 12DOF across the
ankle joint complex (AJC)) [5], [6]. Each of these variables
can be manipulated or locked to control parts of the leg to
enable a specific internal knee joint geometry to satisfy the
requirements for certain surgical procedures. If we treat the
leg similar to a robot arm with the end-effector the foot (note,
this is different to the previously mentioned manipulator’s
end-effector), traditional robot principals can be used to relate
the desired joint angles to an end-effector position. To control
the motion of the 3DOF in the hip [7] and 6DOF in the knee
[8] for automation, the pose of the leg must be known.

The robot arm pose can be defined by kinematic models,
such as the screw or DH Parameter models. A robotic model
of the human leg will support setting hip and knee joint angles
during surgery, without a need for tracking systems to be
installed on a patient’s leg. Kinematic models are mainly
used in robotic applications where a forward kinematic model
provides the position of an end-effector. In contrast, inverse
kinematics used the end-effector position to calculate the
joint angles [9]. Once the desired joint angles are known, the
forward kinematics model of the leg can be used to determine
the foot position. With the leg manipulator attached to the
patient, the inverse kinematics model of the manipulator (not
part of this study)will action itsmovements to set the patient’s
foot and knee in the position as specified by the leg model.

Current research in kinematic models for robotic applica-
tions targets specific joints [10], motion in a specific plane
[11], or if the complete leg is considered then only a 6DOF
model is used for the implementations of the leg [12], [13,
p. 245]. Most humanoids use a one DOF hinge model for
the knee [14] as shown by Joukov et al. [15]. However,
in the medical environment, surgeons require a high-fidelity
model which utilises all the degrees of freedom in specific
areas of the leg to perform complex manoeuvres. During leg
joint surgery, the relative motion between variables such as
abduction and internal rotation in relation to flexion angles

is required to manipulate a patient’s leg to gain access to the
internal knee [16]. One example used throughout this study
is knee arthroscopy, where 3DOF at the hip and 6DOF in the
knee are used at different times during the surgical procedure.

To infer the required foot position for the desired leg joint
angles during surgery, this study develops a novel 9DOF
model of the human leg, using the industry-standard DH
parameters. The model uses pre-operative Computed Tomog-
raphy (CT) scan data for patient-specific customisation to
enhanced accuracy. As detailed by Bruyninckx et al. [17],
the magnitude of the uncertainty is parameterised by the
unknown joint angle errors. The Joukov et al. 1DOF model
of the knee obtained an uncertainty of 5.03o in the flexion
error. There were no models found in the literature that intent
to replace optical tracking as used in the Mako system or to
improve joint information. Using CT scan information it was
possible to accurately identify the geometry of the individual
leg parameters (such as femur or tibia lengths), which refine
the model and improve the accuracy to align closely with
the ground-truth kinematic model, where the actual knee
and foot positions are measure using optical tracking. The
proposed model is verified using cadaver experimentation
with an optical ground-truth system.

A. PROBLEM DESCRIPTION
During knee arthroscopy, the leg must be positioned in a
particular configuration for each of the surgical phases [13,
p. 245]. This configuration is determined by the required
joint angles to produce a favourable internal joint geom-
etry for surgical access to different parts of the knee [8].
Although previous studies and solutions utilise mechanical
markers screwed into the bone [18], it is desirable to achieve
the correct leg configuration without these invasive markers
autonomously, and during minimally invasive surgeries have
internal joint information available to minimise iatrogenic
damage.

Therefore, this article sets out to define a DH model for
the human leg suitable for robotic manipulation during knee
arthroscopy, without the need for invasive markers [19]. The
contributions of this study are:
1) Develop a 9DOFDH Parameter model of the human leg.
2) Determine the model knee and foot position error with

that of a comparison with a cadaver leg, which used a
ground-truth optical tracking system.

3) measure the uncertainty in the model due to measure-
ment errors.

4) Validates the model against a cadaver leg workspace.
As aforementioned, the objective of this model is to take
as input the desired leg joint angles, to infer then (through
the kinematic model) the end-effector position required to
achieve these angles.

II. PROPOSED 9 DOF KINEMATIC MODEL OF THE
HUMAN LEG
As aforementioned, the proposed kinematic model of the
hip and knee will allow the use of a leg manipulation robot
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FIGURE 2. Leg Manipulator robot developed for leg surgery (Patent No.
2019900476). The position of the foot determines the pose of the knee
and hip joints. The robot model of the leg provides the coordinates of the
foot to the robot, and using the robot’s inverse kinematic model the foot
can be placed into that position.

to automate leg movements and joint positions. To increase
surgical space and reduce interference with the surgery,
the patient’s foot is used as a grip point to manipulate
the 9 degrees of freedom (DOF) [13, p. 245] of the hip
[7] and knee motion [8] as shown in Figure 2, with the
prototype surgical bed-attached robot (Australian Provisional
Patent No. 2019900476) manufactured during this study.
When automated, the manipulation system will identify and
measure the instrument gap [3], and determine the leg pose to
set the correct gap. Using the DH parameter model, the new
foot position is calculated from the pose, and the manipulator
moves the leg to that position, which sets the required leg
pose.

A. BACKGROUND
1) DH MODEL
Several robot kinematic models exist. A popular kinematic
model is the Denavit and Hartenberg (DH) model, that was
developed by Richard Hartenberg and Jacques Denavit in
1955, with a unique notation to describe a serial robot’s joints
and links [20]. The DH model is today well-known and has
been used to define many robot arms over the years. Alter-
native robot arm modelling systems exist and have benefits
and drawbacks relative to the DH notations. It is essential to
represent a leg kinematic model in a known format. A Carte-
sian Joint Coordinate System (JCS) was developed in 1983 by
Grood and Suntay [21]. It is the recommended knee model
JCS by the International Society of Bio-mechanics and will
be used in this study to model the knee joint. Pennock and
Clark [22] compared three models – Grood and Suntay com-
pared to Lafortune [23] and Genucom [24] and found them
similar in accuracy. The model developed in this study use
the Grood and Suntay model principals; however, we use
6DOF for the knee and changed from the basic rotations to the

widely used DH Parameter robot model. Frank Park shows
that the product–of–exponentials (POE) system has some
advantages over the DH parameters; however, the DH param-
eters is an industry-standard [25]. Indeed, the DH parameters
are used bymany engineers and popular robot configurations,
supporting future integration with the leg kinematic model.
Wu et al. developed an analytical approach to convert from
POE to DH parameters to support the use of robots defined
with the POE system [26]. Fujie et al. used the Grood and
Suntay JCS and developed a 6DOF inverse kinematic model
of the knee for using advanced testing devices on the knee
[10]. Their model only included the knee and is used primar-
ily for leg-attached devices to simulate knee kinematics. They
tested the forces on the knee joint and used externally mea-
sured forces to verify the model. The model they developed is
shown to be accurate, and the same JCS configuration will be
used as part of the model in this study. The DH parameters
in this study will be different from the Fujie et al. model
due to the addition and integration of the hip to the overall
solution and addition of the measurement uncertainties in the
model [10]. However, they have shown the knee model to
be accurate and this study will develop the overall leg model
and will only show the knee translation accuracy at a specific
point to verify the overall model.

For knee and hip surgery, the patient’s foot is manipulated
to adjust the joint kinematics to achieve a surgical position
and to ensure seamless integration with many other robots
and applications [10]. The standard DH parameter model will
be used in the robot pose model developed in this study [27].
The notation represents the geometric configuration of each
link and joint of the leg completely with four DH parameters
variables (α, θ , d and a) [9]. With the DH parameters known
between two link frames, the homogeneous transformation
can be calculated, and with all nine sets of link parameters
identified, the final position of the foot can be calculated for
any joint configuration relative to the base position.

2) LEG MECHANICS
Table 1 shows the ranges for active manipulation (such as
for a cadaver leg) or under passive conditions. These ranges
will not only influence limitations set during the implemen-
tation of the kinematic model but govern forces from robotic
manipulation not to exceed or alter the joint’s natural motion.
Flexion or extension is the primary movement of the knee
in the sagittal plane, with the centre of rotation on the femur
and the typical range from 0 ◦ to 120 ◦ [28]. During extension,
hyper-extension can occur that extends the tibia slightly more
than a straight leg (normally to−5 ◦) [29]. Posterior / Anterior
translation was observed by Hill et al. that showed that in the
sagittal plane, the femur rolls and slides on the tibial plateau
during flexion [30]. Iwaki et al. and Johal et al. measured
cadaver knees using an MRI to show that for passive knee
flexion, there is an internal rotational motion through the
sagittal plane of the tibia [31], [32]. At any point up to 90 ◦

the tibia can achieve internal rotation without flexion in the
normal kinematic range [33]. Active rotation of the tibia (such
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TABLE 1. Passive (loaded) ranges for the knee, and hip joints [8], [28],
[29], [32], [33], [35], [36], [36]. Movement of the hip and knee depends to
different degrees on the flexion in the specific joint as shown in column
two.

as during surgery) can limit and even reverse the natural
rotation from 90 ◦ to 10 ◦. During extension, a screw home
mechanism is initiated for the final 10 ◦ to stabilise the knee
joint [28], [31] and limiting movement and surgical access to
the internal knee [33]. In the coronial plane medial to lateral
rotation (varus-valgus force) pivots the tibia sideways relative
to the femur, resulting in knee abduction or adduction [34].
Flexion below 10 ◦ restricts varus-valgus (and most other)
motion, locking the leg and limiting access to the internal
knee for surgical application [8]. Medial to lateral translation
and distraction and compression between femur and tibia is
minimal during passive flexion [8] and not a significant factor
during some surgeries such as knee arthroscopy.

B. ASSUMPTIONS
In developing the kinematic leg model the following assump-
tions are made:
1) The leg was modelled as a serial robot, however a model

can be setup with a combination of serial and parallel
links.

2) The hip joint is modelled as perfect ball and socket joint
and the knee joint as rotational and translation motions.

3) The limited range and angle combinations of the human
leg mitigate singularity issues.

4) The DH Parameter model convention can be ‘‘standard’’
or ‘‘modified’’. This study uses the standard DH Param-
eter convention.

TABLE 2. Notations used in this study [9], [19].

5) The ankle joint complex is locked for robotic manipula-
tion and it is assumed that this joint is rigid.

C. NOTATION AND TERMINOLOGY
The notation for the transformations, vectors, positions, poses
and axes as used in this document are adapted from Peter
Corke’s ’Robotics, Vision & Control’ [9] and the joint angles
as calculated in Strydom et al. [19], are summarised in
Table 2. Medical specific terminology is detailed in McKeon
et al. [37]. The hip angles are relative to the global body frame
W , while knee angles are relative to the femur frame C.

D. THEORY
Our proposed derivation models both the hip and knee joints.
For each of the joints we first discuss its mechanics related to
Figure 3, which supports the kinematic structure defined in
Figure 4.

The hip has 3DOF [7] as shown in Figure 3 and using
robotic principals we can model this joint using three revolute
joints (θ2, θ3 and θ4) as illustrated in Figure 4. The hip
joint and femur are connected by the femoral neck, changing
the rotational aspects of the leg and extending the range of
motion of the hip [38]. The femoral neck (Efh) offsets the femur
anatomical axis ( Evfa), however, leg motion is described along
the mechanical axis ( Evf ):

Evf = Evfa + Efh (1)

The offset of the femur relative to the hip ball and socket
joint, changes the motion of the leg in relation to the hip joint:
Hip ball socket internal rotation results in flexion of the femur

191740 VOLUME 8, 2020



M. L. Strydom et al.: Kinematic Model of the Human Leg Using DH Parameters

FIGURE 3. Hip and Knee Joints.

TABLE 3. DH Parameters for a 9 DOF leg with hip and knee links as shown
in Figure 4. Each link is defined as either a rotation (R) or translation (T).

in the sagittal plane, which is the main motion during walking
[39]. Hip socket anterior motion translate to femur internal
rotation and is limited by the hip socket configuration [40].
Hip socket proximal motion is equivalent to the femur lateral
motion [38].

The knee joint has 6DOF, three rotations and three transla-
tions [16], as detailed in Figure 3b. It allows sufficient manip-
ulation for surgical applications and has been extensively
studied to determine the kinematic properties and planes each
occurs in [42]. As shown in Figure 4 the knee can bemodelled
using three revolute (θ5, θ7 and θ10) and three translational
joints (d6, d8 and d9).

From the model as shown in Figure 4, the leg con-
figuration has nine parameters between the hip and knee
joints that is needed for development of the DH parame-
ter model, which can be calculated for each of the links.
For both the femur and tibia the mechanical axes are used
for leg motion to develop the model. For the DH param-
eters each link (i) has the following characteristics: offset
ai and joint angle θi is the z-axis positional and angu-
lar displacement, while the the offset di and link twist
αi are the x-axis positional and angular displacements,
respectively [43].

Each link is individually assessed against the DH Param-
eter rules [9] to provide an end-to-end combination. The
complete DH Parameters list for the human leg (ankle locked)
that include each of the 9 links as shown in Figure 4 are

FIGURE 4. Leg Robot Model showing the model on the left with the
variables for the hip and knee joints. The leg on the right side shows for
the femur the mechanical ( Evf ) and anatomical Evfa axes and for the tibia
the mechanical axis ( Evt ), which is equivalent to the tibial anatomical axis.

detailed in Table 3. For a straight leg the q values (joint
variables) are: [0 π

2
π
2
π
2
π
2 0 0 −π2 0 −π2 ]. A homogeneous

matrix (Amatrix) that details the transformation from the link
coordinate frame i − 1 to link frame (i) can be expressed
using the standard DH parameters as detailed in Table 3 such
that [9]:

i−1Ai =


cθi −sθicαi sθisαi aicθi
sθi cθicαi −cθisαi aicαi
0 sθi cα di
0 0 0 1

 (2)

The pose of the foot (or ankle, which is used in this study as
the foot position) is approximately equal to the homogeneous
transformation, which can be expresses as a product of the A
matrices:

T f =
I∏
i=1

(i−1)Ai (3)

where I=10, the number of links for the model of the leg as
detailed in Table 3 [9], [27].
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FIGURE 5. Maximum measurement errors of the hip joint (τ1), and
combined hip and knee joints (τ2) mechanical vectors.

The output format of the pose of the model foot is a
homogeneous matrix T f in the format:

T f =


r11 r12 r13 r14
r21 r22 r23 r24
r31 r32 r33 r34
0 0 0 1

 ∈ SE(3); (4)

Finally, to derive each element of the matrix (4), we use the
A matrices (2) in (3) to calculate each element of the matrix
T f .

1) UNCERTAINTY
As aforementioned, surgical applications demand accurate
leg motion. However to determine the validity of using a
robot model, the maximum uncertainties in the DH Parameter
model foot position, needs to be taken into account.

For the model, the optical tracking and CT measurement
errors, as well as the knee joint translations determine the
end-effector (foot) uncertainty as shown in Figure 5. The
maximum model foot positional error (emax) that can be
expected is:

emax = τ 1 + τ 2 − ktsmax (5)

where τ 1 is the maximum translation error vector due to
the hip measurement errors, affecting the knee position, τ 2
the maximum translation difference vector due to the knee
measurement errors and ktsmax , the femoral sliding as detailed
in Table 1 that affect the foot position. We define τ 1 as:

τ 1 = ‖kf o‖ + ‖kc‖ (6)

kc is the CT scan measurement error and kfo the translation
error at the knee due to errors in the the hip joint rotations.
From Figure 5:

kfo = v′f − vf (7)

with

v′f = Revf (8)

where, using the xyz rotational convention, Re ∈ S0(3) is
the rotation error matrix [44] for both the femur and tibia,

FIGURE 6. CT Scan of knee at 86o. the tibia roll and slide on the
femur (white) and the translation (yellow) of 14.5mm is shown from the
translated centre of rotation relative to the femoral frame (green).

constructed from the maximum optical measurement errors,
α, β and γ :

Re = Rex(α)Rey(β)Rez(γ )

=

 cβcγ −cβsγ sβ
sαsβcγ + cαsγ −sαsβsγ + sαcγ −sαcβ
−cαsβcγ + sαsγ cαsβsγ + sαcγ cαcβ


(9)

As a result, εf , the femur angular error have a translation error
at the knee of kfo as shown in Figure 5. In this instance τ 1
does not depend on any internal joint translation as the hip
is modelled as three rotations, however the CT measurement
error (kc) increases the translational error at the knee.
For robotic manipulation, the ankle joint is locked and we

assume it to be rigid. The translation difference at the foot
relative to the knee position, are due to measurement errors
in the knee joint and natural knee translation, such that:

τ 2 = ‖kt‖ + ‖kto‖ (10)

The knee error include the translation difference kt and opti-
cal measurement rotation errors kto as shown in Figure 5.
With kxz the knee flexion and medial /lateral and proximal
/ distal translations and kc the CT scan measurement error:

kt = ks + kxz + kc (11)

The knee rotational error is an angular error of εt which
results in a translation error kto, with:

kto = Revt − vt
= vt (Re − 1) (12)

Because the translations inside the knee are small relative to
the leg dimensions, we have set the knee translations initially
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FIGURE 7. Comparing the measure joint angles and translations to the model output. CT measurement errors are shown with the spheres
for both the ground-truth and model. The optical measurement system is detailed in [19], using the rigid bodies (RB1-3). Angles calculated
from the cadaver leg are input into the model and the resultant foot and model end-effector compared to determine the model accuracy.

to zero in validating the DH Parameter model against the
cadaver leg. These translation will be seen in the model as
part of the foot positional difference and the foot positional
error will be shown at a point (86.6◦). The total translation
difference in the knee (kt ) is thus not only due to the CT
measurement errors kc, but also natural translation inside the
knee, which include sliding (ks) due to flexion and medial
/lateral and proximal / distal translations (kxz) as detailed in
Table 1. Sliding is the largest translation in the knee joint
during motion with a range from 0mm at 0o and a maximum
of 21mm when fully flexed. Using a CT scan as shown in
Figure 6 the sliding at 90o was measured as 14.5mm.

III. KINEMATIC MODEL VALIDATION
The model is verified by moving it with the same rotations
and translations measured during cadaver surgery, where
range limits are naturally imposed. The accuracy of the
workspace of the cadaver and model will be compared with
each other, as shown in Figure 7.

A. EXPERIMENTAL SETUP
A Stryker arthroscopy system was used to capture images
of the knee gap. The video frame rate for the arthroscope

camera is 60 frames per second, with the full resolution of
the video frames 1280× 720. An OptiTrack optical tracking
system was setup with ten Flex 13 cameras and 14.7mm
optical balls. Two cameras were set up in video mode and
eight to track the optical markers. The OptiTrac systems are
sampled at 120 frames per second, and the leg movement
was sustained for 3.58 minutes, supporting 33000 samples
for comparison. Against each sample, the hip and knee angles
(as measured in [19]) are input into the DH model and con-
figured in Matlab vR2018b using Peter Corke’s toolbox [9].
The foot (anatomical ankle positions) are compared between
the Matlab output of the model and the measured cadaver
values, as shown in Figure 7, to determine the accuracy of the
model.

B. JOINT ANATOMICAL REFERENCE
The anatomical positions are determined inside the leg
using the optical and CT measurement information, which
is used to set up the mechanical axes of the femur
and tibia, as shown in Figure 8a. For validating the DH
model, the following anatomical points inside the leg were
used:
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FIGURE 8. CT Scan of two cadaver limbs (a) and cross-section scans of
the femur at condyle centre (b) and at the surgical pin.

• The condyle centre on the femur (Figure 8b) where the
centre of the condyles starts to form (using the CT scan
slices)

• Hip ball joint centre - where the femoral mechanical axis
intersects the ball joint centre as shown in Figure 8a

• Tibia top as shown on the tibia mechanical axis in Figure
4

• Centre of the ankle joint (Figure 4) on the intersection
of the tibial mechanical axis and the tibia (Figure 8c) at
the AJC. Through this study, this position is referred to
as the foot position

From these anatomical positions, the mechanical vectors vt
and vf are defined that are used to calculate the hip and knee
angles. Vectors can be defined inside the knee between any
two anatomical points to determine the knee translations at
that point.

C. WORKSPACE
To validate the robotic kinematic model of the leg, the
workspace of a cadaver knee and foot is compared to that
of the model as shown in red in Figure 7. Specific combina-
tions of the model (procedure dependent where we use only
specific links in the DH model and set the others to zero)
change the workspace. Surgeons extend a patient’s hip, knee
or foot to create space for instruments and to gain access
to areas to operate on – these manoeuvres typically reach
maximums for specific parts of the model. However, others
are not used - for example, during hip surgery, the knee
joint is manipulated but not the ankle. Walking, jogging and
different sports activities use different parts of the leg again;

TABLE 4. Experiments to measure a cadaver leg using CT Scan and
optical tracking and move the cadaver leg through a range of motions to
measure the workspace of the knee and foot positions.

however, in contrast to surgical manoeuvres, these activities
rarely reach the maxima of the joints’ motion ranges. For this
study, the entire workspace of the leg with the three DOF
in the hip and the six DOF in the knee will be compared
using the kinematic model developed, with data from cadaver
experiments as input parameters as shown in blue in Figure 7.

To compare the knee and foot workspace, themodel and the
leg parameter ground-truth as discussed in the Section III-E,
are both configured in Matlab using the Peter Corke tool-
box [9].

The model workspace is validated through:

1) Using ranges from the passive research of the hip and
knee joint, which is adjusted to the cadaver using the
CT Scan information. Using an optical tracking system,
markers were mounted on the cadaver leg as detailed in
Figures 8a and 9a. Angles for the hip were calculated
from the tracked markers and input into the DH model
of the human leg.

2) Comparison with a cadaver leg moved through a range
of surgical positions for the hip and knee joints and mea-
sured using anOptiTrack system. Angles frommeasured
data are calculated and input into the kinematic model to
measure the knee and foot (ankle point) workspace and
positional error.

D. CADAVER EXPERIMENTS
Ethical approvals were gained for the three Cadaver exper-
iments; using four legs; as detailed in Table 4 and con-
ducted at theQueenslandUniversity of Queensland’sMedical
Engineering Research Facility (MERF) located on the Prince
Charles Hospital campus in Brisbane, Australia. For Cadaver
experiments, special rigid bodies and optical marker patterns
were developed to ensure alignment with the cadaver femur
and tibia, enabling accurate calculation of all knee and hip
rotations and translation ( [19]. CT scans of each cadaver leg
were taken and used to analyse the position of the anatomical
points, which can be used to compare to the model and
cadaver knee and foot positions.

E. MEASUREMENT OF CADAVER JOINTS
The cadaver anatomical positions are measured as detailed in
[19] and the joint parameters calculated. During the exper-
iment, the cadaver leg is moved manually, as shown in
Figure 9b to cover a wide spectrum of the workspace of
the knee and hip joints. The leg is manipulated through the
various joint configurations, applying significant forces on
these joints to ensure that the workspace represents the typical
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FIGURE 9. Capturing Cadaver leg parameters using optical tracking.

FIGURE 10. The knee angles (α, β and γ ) are relative to frame C on the
femoral condyle, while the hip angles are relative to the world frame at
point B. � is the total angle between the femur and Tibia vectors.

leg motions during surgical procedures. These angles and
translations are used as input into the DH model, as shown in
Figure 7. The leg pose is dependent on both the knee and foot
positions. The output of the model’s knee and foot workspace
is then compared with that measured from the cadaver with
the optical tracking system.

To measure the cadaver joint parameters, the markers are
set up and aligned, as detailed in 9a and 8a. The knee rotations
are calculated relative to the femur frame (at the condyle
centre - C) as shown in Figure 10. On the tibia, a vector (vt ) is
defined from the centre of the frame at the top of the tibia in
the knee joint (Figure 8b) to the foot, describing the motion
of the tibial mechanical axis, relative to the femur. The femur
mechanical axis describes a vector (vf) for the hip rotations
from the hip ball joint to the femoral condyle centre.

The XYZ rotational matrix as detailed in [19] is used to
obtain the knee angles (α, β and γ ) between vectors vf and
vt as shown in Figure 10. The rotational matrix between the
femur and tibia is [45]:

vf Rvt = 2
(tr t−1r )

(t−1r tr )
− I (13)

where tr = vf + vt and vf Rvt ∈ SO(3). Using this rotational
matrix in the R = RXRYRZ order, the knee angles as defined

TABLE 5. Values used for calculations [4], [19].

in Table 2 are:

α= atan2(vf Rvt (2, 3),
vf Rvt (3, 3)) (14)

β = atan2(vf Rvt (1, 3),
√
vf Rvt (1, 1)2 +

vf Rvt (1, 2)2) (15)

γ = atan2(−vf Rvt (1, 2),
vf Rvt (1, 1)) (16)

The femur mechanical axis (vf) is is relative to the world
frame and defined as the link from the hip joint centre to
the centre of the condyles on the knee as shown in figures
4 and 8a. Angles and translations are measured relative to the
sagittal (flexion), coronal (varus) and transverse (knee gap)
planes. From Strydom et al. [19] we obtain the hip motion as
defined in Table 2 as:

θ = atan2(WRC (2, 3),W RC (3, 3)) (17)

ψ = atan2(WRC (1, 3),
√
WRC (1, 1)2 +W RC (1, 2)2) (18)

0= atan2(−WRC (1, 2),W RC (1, 1)) (19)

Defining vectors at different anatomical positions inside the
knee between the femoral condyles and tibial plateau, we can
measure the joint translation between those points.

Rotations and Translations calculated from the measured
OptiTrack data are used as input into the robotic leg manipu-
lation model as shown in Figure 7 and provide the knee and
foot workspaces from the model, that can be compared to the
cadaver foot workspace.

IV. RESULTS
This study develops a DHmodel of the human leg and verifies
the model workspace accuracy for surgical applications with
that of a ground-truth cadaver foot workspace [19]. The full
transfer matrix (T f ) for the forward kinematics, developed
from the DH Parameters (Table 3), is shown in Table (4).
The positional data from the same cadaver experiment were
used for both the ground-truth and model as a comparison as
detailed in Figure 7. Cadaver parameters, measurement errors
and equipment values used in calculations for both the model
and ground-truth are detailed in Table 5.

A. WORKSPACE COMPARISON
Figure 11 shows the hip angles from the ground-truth model
and the error between the model and the actual cadaver knee
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FIGURE 11. Hip Angles on the left axis and the Knee Position error on the right axis for cadaver 3397.

FIGURE 12. Hip and Knee Angles on left axis with foot positional difference in mm on the right axis).

position. The maximum knee position error across the data
set range from 0.39mm to 0.45mm.

Figure 12 shows the knee angles and the foot positional
error between the cadaver and the DH Model. The resul-
tant positional difference as shown in Figure 12 range from

0.9mm to 22.5mm. This study does not track the cadaver
knee translations in real-time, and the foot error, as shown in
black in Figure 12 thus include the knee’s natural translation
during flexion. The foot position (end of the tibia at the ankle)
depends both on the hip and knee variables. As shown in
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FIGURE 13. Foot Error at 45.5 seconds and 86.6◦ flexion due to Knee
Translation and leg error.

Figure 6 using the CT scan and in Figure 13 usingmotion data
from the optical system that is compared to the model output,
the translation inside the knee can be checked at a specific
angle. Since previous research such as that by Fuji et al. has
shown the accuracy of the knee sliding, it is not verified in
real-time in this study [10], however, to show the effect of the
sliding, an example at 86o knee flexion is added to this study
to verify that the accuracy of the foot error is similar to that
of the knee positional error. From 0o to 90o if we track the
motion of the centre of rotation of the tibia on the femur, the
sliding of the knee kts in the -Y direction at 86o relative to
the femoral frame, is 14.5mm as shown in Figure 13. We can
thus conclude the foot positional error fte due to the knee at
knee flexion of 86o as shown in Figures 6 and 13 is:

fte = fe − kts
= 14.5− 14.1

= 0.4mm (20)

where fe is the foot DH model to ground-truth difference as
shown in Figures 12, which is detailed in 13a and thus similar
to the knee positional error results of 0.43mm.

B. UNCERTAINTY QUANTIFICATION
While in previous sections the actual errors between the
model and cadaver foot were measured during leg motion,
it is necessary to analyse the maximum uncertainty in the
model’s foot position to validate that these error values at each
measured point as shown in Figures 11 and 12, all fall within
the calculated foot uncertainty range.

From Section II-D1 and in (9) with the maximum angular
errors: α = β = γ = φ/

√
3, the rotational error matrix (Re)

influences the optical tracking measurement for both the tibia
and femur measurements. For the calculations we used the
cadaver parameter values as detailed in Table 5. In the DH
Parameter model, the femur and tibia lengths are from the CT
scan information, which are input into the model as shown in
the bottom part of Figure 7.

Setting the internal natural knee translation (ks + kxz) to
zero in themodel, the translation error (kt ) between themodel
and cadaver foot will be a maximum that include both the
natural knee translation and the translations difference (kc),
in the sagittal, transverse and coronal planes as detailed in
(11). With the maximum translation in the knee joint as
detailed in Table 5.

Using these values we determine the maximum error trans-
lation at the knee from (6), τ 1 = 1.59 and from (10), the
maximum difference at the foot position as τ 2 = 22.92 and
from Table 1 the maximum sliding is 21mm.

The maximum positional error between the model and the
cadaver foot (emax) is thus from (5):

emax = τ 1 + τ 2 − ktsmax
= 1.59+ 22.92− 21

= 3.51mm

V. DISCUSSION
Automated orthopaedic surgery requires a full kinematic
model of the human leg to manipulate and position the leg
timely, safely and accurately. This research developed a nine
DOF robotic kinematic model of the leg using the well
known standardDHparameters. Themodel input (leg pose) is
received from other sources, where a surgeon or external sys-
tem input the required pose (angles and translations for each
joint). As detailed in equation (1) and section D, the model
aligns with real-life motion by using the mechanical axes
and not the anatomical axes, so injuries, size, gender, or age
will have little effect on the model accuracy. The mechanical
axes are virtual entities, and irrespective of the cadaver can
be accurately measured from the CT scan. The model thus
follows normal mechanical principals to position the femoral
head and foot and are not affected by anatomical differences
or abnormalities. For future automated leg manipulation, the
instrument gap will be monitored, and the leg pose gradu-
ally changed until the desired gap is accomplished. During
each type of surgery, surgeons will use a subset of the joint
variables; for example, during a knee arthroscopy, all 3DOF
in the hip and four in the knee (joints 1,2,3,5,7,8 and 10 in
Table 3) are used. The XYZ frame rotation [44] was used
to analyse the leg pose, without any singularities as seen in
Figures 11 and 12 within the limited range of the hip and
knee angles. Practically during a surgery, joints that are not
used are manually locked using a brace for the ankle joint
complex or limiting the range of the hip or knee parameter
by using bed clamps. In the model (4), the joint variables (q
values) that are not used during a procedure, are set to zero to
calculate the effective transfer function for that procedure.
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The hip angles were measured from a cadaver leg and input
into the DH model, which alters the knee position in the
model. It is compared to that of the cadaver knee position
at each measurement point, with the average knee positional
error across the data set of 0.38mm to 0.45mm, as shown in
Figure 11. It shows that the hip section of the DH parameter
model is accurate for the knee position when compared to that
of the optically measured cadaver knee position, and more
precise than a surgeon manipulating the leg.

The foot position (end of the tibia at the ankle) depends
both on the hip and knee variables. Using the knee angles
measured from the cadaver knee, we compared the foot
position of the cadaver with that of the model. Even though
flexion of the hip and knee has the largest range of motion,
other rotations such as the hip rotation can change the position
of the foot significantly during flexion and thus the foot error.
With the combinations of hip and knee rotations, the foot
difference is 0mm to 22.5mm as shown in Figure 12, which is
a combination of the hip error measured at the knee, the knee
joint errors due to forces applied to the foot, and the knee’s
natural translation as detailed in Table 1. To determine the
foot error, we measure the sliding inside the knee at 86.6◦,
which is 14.1mm, with the foot difference of 14.5, the foot
error is 0.4mm at that point (20). The maximum foot error at
21mm sliding is 3.51mm.

A key interest for surgical applications such as arthroscopy
is to position the patient’s leg with precision so that the space
inside the cavity where the surgical instrument is moving
through is larger than the instrument ensuring no damage to
the surrounding structures.With the maximum calculated DH
Model foot position uncertainty of 3.51mm, the measured
foot positions errors should fall within this uncertainty value
as shown with the example in Figure 13, which validates
the model and demonstrates that the uncertainty quantifica-
tion is correct. For a tibia length of 372mm, the calculated
uncertainty of 3.51mm influences the tibial mechanical axis
angle (a-angle in Figure 4) accuracy by 0.01o. Practically, this
uncertainty in the mechanical axes is small if compared to the
motion range and precision of the leg pose when manipulated
by a surgeon.

Therefore, both measurements of the workspace or using
the maximum measurement uncertainty, demonstrate that
the DH model provides an accurate representation of the
human leg motion for automated leg manipulation during
orthopaedic surgery.

A. MODEL LIMITATIONS
Significant external forces exerted by surgeons on the leg dur-
ing procedures and can slightly alter the hip socket rotational
position, impacting the centre of rotation and accuracy of the
results.

The robot model outputs positional information from the
nine joint variables of the hip and knee, which enables a robot
to move the leg to the desired position through setting the
required joint angles. However, a forward kinematic model

does not support measuring the torque and forces on the joints
to limit the range of motion.

Cadaver experiments in this study is a limited sample of
60-70-year-old males. To fully quantify the effect of other
physiological factors (e.g. age, sex, etc.) on measurement
uncertainty, a wide-range of cadavers are needed.

Since Grood and Suntay developed the knee JCS model
[21], researches has shown it to be accurate [10]. Thus the
knee translational error was not shown in real-time in this
study; however, a point at 86o of flexion was used to verify
the foot positional error.

Measuring the knee translations in real-time is an open
problem, and for this study were not measured or inferred
during the experiments.

B. APPLICATIONS
The presented DH Parameter model of the human leg was
specifically developed for automated legmanipulation during
orthopaedic surgery. However, it can be used for applications
ranging from robust human-robot designs to post-surgery
rehabilitation.

The model will support leg manipulation without drilling
supports for optical markers into a patient’s leg as the current
practice for replacement surgeries. For procedures where sur-
geons manually set the leg pose (such as a knee arthroscopy)
without any information on the actual joint angles or joint gap
size as shown in Figure 1b, the model can provide valuable
insight to limit joint damage.

C. FUTURE WORK
Future work on a robot to manipulate the patient’s foot will
use the forward kinematic model of the leg developed in this
study as input to an inverse 6DOF kinematic model of the
robot manipulator, to automatically set the correct leg config-
uration for surgery. To support the use of the DH Parameter
model and the error analysis in this study, it will be beneficial
in future work to develop different models as a comparison.

For control and real-time measurement of the forces
exerted on the joints, the current model can be extended to
mitigate these forces. An inverse kinematic model needs to be
developed from the model presented in this study to measure
force and torque in each joint.

The foot model to the ground-truth difference in Figure
12 does not take into account the natural translation inside
the knee joint. As seen from Table 1, it can be up to 21mm,
if a surgeon or robotic manipulator exert forces on the knee
joint. To accurately characterise the total foot positional error,
the knee translations can be measured in real-time by using
technologies such as Fluoroscopy.

The uncertainty in the foot position determines the preci-
sion that the hip and knee joints can be positioned during
surgery. For instance, for knee arthroscopy, the instrument
gap determines the damage caused during the surgery. With
the complexity of the knee joint and the range of surgical
position, it will be essential to determine how the uncertainty
in the foot position influenced the internal knee structures.
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Work is necessary to better characterise the measurement
errors compared to the age and gender of candidates.

The presented methodology also carries the potential to
be merged with the current state-of-the-art in arthroscopic
SLAM [46] and introduce the robotic leg manipulation com-
bined with visual navigation.

VI. CONCLUSION
A hip and knee robot model of the human leg was developed
to present a nine degree of freedom system from which the
standard DH parameters were defined. It forms the basis
for automated control of a robotic leg manipulator, where
traditionally surgeons manually manipulate a patient’s foot
to set the gap in the knee joint to allow surgical instruments.

During cadaver experiments, the leg was moved, and the
positional data of the knee and foot recorded using an optical
system. The hip and knee angles were calculated and used
as input into the robot model, and the positional output of
the model compared to that of the optically measure data.
The measured knee positional error is 0.43mm, and when
including the knee joint, it results in a maximum foot error
of 3.51mm. It demonstrates that the robot model is highly
suitable for leg manipulation during orthopaedic surgery.
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