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The Realisation of Virtual Fluid Rendering on a Treadmill-Based Lower Limb
Exoskeleton with Lateral Degrees of Freedom

Bauke Schenkelaars
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Abstract
Conventional post-stroke gait rehabilitation is labour-intensive, often requiring multiple therapists for physical assistance. Both
robotic and aquatic therapies have been proposed to address this: robots can reduce therapist workload and provide adaptable
feedback, while aquatic environments offer apparent weight reduction, improved balance, and muscle strengthening. Virtual
aquatic therapy combines both approaches by haptically rendering the fluid dynamics of virtual water. In addition to the sagittal
degrees of freedom offered by existing implementations, the treadmill-based exoskeleton used in this study enables hip abduction
and lateral pelvis movements. A physics-based fluid rendering model is developed to compute drag and buoyancy forces acting
on virtual legs moving through fluids. To match the real-world setup, the model simulates treadmill walking rather than the
conventional free walking and includes the additional axes of motion. Simulations confirm that the model’s outputs are consistent
with the literature and scale properly with movement speed, submersion depth and the type of fluid being rendered. Through a
proof-of-concept experiment, the successful integration into the exoskeleton’s control framework is validated, demonstrating the
feasibility of rendering diverse fluid environments with this system.

Keywords: Haptics, Gait Rehabilitation, Aquatic Therapy, Virtual Reality, Fluid Dynamics

1 Introduction
With over twelve million cases worldwide each year, stroke is
one of the leading causes of disability-adjusted life year loss
(DALYs). Only half of all patients survive, and those that do are
often left with serious motor impairments [1]. Gait impairment
is one such motor impairment that can occur due to a stroke.
These patients still have intact muscles, nerves, and joints, so
they are physically still capable of walking. However, due to
brain damage incurred from the stroke, they have to relearn how
to control the gait motions properly. Gait rehabilitation therapy
can assist in this relearning process.

Conventional gait rehabilitation therapy involves treadmill train-
ing with a supported body weight to relieve the loading of the
joints [2]. This requires physical assistance from multiple ther-
apists to both guide the patient’s leg motions and help them
maintain balance. Given the growing global shortage of health-
care professionals [3], which is projected to further grow in the
years to come due to the ageing population, such a labour-
intensive and physically demanding therapy might not be sus-
tainable in the future. Therefore, there is a demand for alterna-
tive therapies with a reduced physical reliance on therapists.

Rehabilitation robots, such as exoskeletons, can be part of the
solution. With a robot providing physical assistance, the role of
the therapist shifts from being physically demanding to mostly
operating and supervising the robot. This not only reduces the
physical workload but could also require fewer therapists alto-
gether, as less hands-on effort is needed for a similar therapy.

A rehabilitation exoskeleton can be used in multiple ways [4],
depending on what the therapist believes is best for the patient.

For effective motor learning, the challenge level of an exercise
should match the patient’s skill [5]. The exercise should be chal-
lenging enough to be engaging, yet not so difficult that success
feels unattainable. For some patients, the optimal use of the
robot is for guiding them through the motions required for gait,
which can be achieved through a position-controlled approach
where the robot follows a predefined path. For other patients, it
is best if they produce the motions themselves, while the robot
provides forces to help lift the leg, maintain balance, or cor-
rect when straying too far from a reference motion. These ap-
plications use an impedance-controlled approach, as the robot
provides forces based on patient-driven kinematics. If an even
higher challenge level is desired, the robot can also be used to
disrupt the patient by either resisting certainmotions to demand
more muscle effort or through unpredictable perturbations to
challenge the patient in maintaining balance.

Another alternative to conventional gait rehabilitation therapy
is aquatic therapy. In aquatic therapy, patients are submerged
in warm water up to their waist or chest, which offers several
physiological benefits [6]. The warmth and hydrostatic pres-
sure of the water increase blood flow to the muscles and reduce
muscle stiffness. Additionally, the buoyancy serves as a natural
body weight support, relieving the patient’s joints and muscles
by reducing the apparent weight of the legs and upper body. In
waist-deep water, the apparent total body weight is reduced to
approximately half of the actual weight, and in chest-deep wa-
ter to a third [7]. This also means that less physical assistance
is required from the therapists. Another benefit of Aquatic ther-
apy compared to overland therapies is that underwater, it takes
more effort from the patient to swing the leg forward due to

1



1 INTRODUCTION

the viscous drag, resulting in muscle strengthening, especially
in the knee extensor muscles [8].

Aquatic therapy can also be beneficial for improving balance.
This improvement in the patient’s balance is the result of a re-
duced fear of falling while submerged [8]. Due to viscous damp-
ing, the water naturally cushions a potential fall, reducing the
risk of injury and giving the patient more time to correct their
balance. This makes the patient more willing to take risks, thus
allowing them to attempt more challenging balance exercises.
This damping effect of the water also means that less physical
effort is required from the therapist during regular aquatic gait
exercises, as they no longer need to provide balance support.

Given the potential benefits of both robotic treadmill training
and aquatic therapy, there are also ongoing developments to
create a single solution that combines the best of both. One ap-
proach to achieve this is by creating a rehabilitation exoskeleton
that can be used while submerged in water [9], enabling aquatic
therapy with assistance from the robot. However, the develop-
ment and use of such waterproof hardware is expensive, so this
research follows a different approach: haptically rendering the
fluid interaction forces from submerged gait on an existing re-
habilitation exoskeleton to create an aquatic therapy simulator.

Not all aspects of aquatic therapy can be replicated this way, as,
for instance, there is no hydrostatic pressure or warmth. How-
ever, this virtual fluid approach does provide an opportunity for
people to experience walking through fluids other than just wa-
ter, which would be infeasible in real life. By rendering a fluid
with a higher density, a larger buoyancy force is realised, which
can help a patient lift their legs beyond what water could ever
do, while with a higher density or viscosity, a stronger viscous
drag can be realised, further promoting muscle strengthening.

Using a rehabilitation exoskeleton to create a virtual aquatic
therapy experience is not a new concept. Kong et al. [10] used
the free-walking exoskeleton SUBAR [11] to provide a natural-
feeling assistance and resistance by using a physics-based vir-
tual buoyancy and drag model. The SUBAR exoskeleton has hip,
knee, and ankle joints that are actuated in flexion-extension, at-
tached to a moving base that rides along as the patient walks.
They used this to render the effects of drag and buoyancy, which
they computed using basic formulae. In free walking, the stance
leg’s foot is stationary. Therefore, the forces acting on each leg
segment contribute only to the torque of each joint closer to
the stance leg’s foot. This work was replicated by Chang and
Jeon [12] on the EXOWheel exoskeleton, which, like SUBAR, is
a free-walking exoskeleton with a base that moves with the pa-
tient. It has joints at the hips and knees that are actuated in
flexion-extension. They used the same fluid rendering model
from Kong et al. [10], but used it to render different virtual fluid
environments with varying densities, viscosities, and gravities.
Ertop et al. [13] also used the same model as Kong et al. [10]
to compute the joint torques from drag and buoyancy, but im-
plemented it on a treadmill-based exoskeleton, RobotGait, with
actuated joints in flexion-extension at the hips and knees.

In all this existing literature, the robots used to render drag and
buoyancy only have degrees of freedom in flexion-extension.
This means that only movements within the sagittal plane are

possible. This limits their applicability. Balance exercises, for
instance, require the patient to correct for unbalanced lateral
movements, which they cannot do if lateral movements are con-
strained. This study aims to fill this gap by expanding the de-
grees of freedom in which fluid forces are rendered to include
lateral components. The main research question of this thesis
is therefore: Can physics-based fluid rendering with adaptable
fluid properties be realised on an exoskeleton with actuated de-
grees of freedom in both sagittal and lateral directions?

The robot used in this study is shown in fig. 1 and is explained
in detail in Luciani et al. [14]. It is a treadmill-based exoskele-
ton that has actuated joints at the pelvis, hips and knees. The
pelvis module contains both an actuated lateral slider and a pas-
sive spring mechanism, which allows for small movements in 6
degrees of freedom [15]. Each hip joint canmove in both flexion-
extension and abduction-adduction, and is actuated by a pair of
linear motors that move laterally along with the pelvis slider.
These linear actuators actuate the hip joint via a closed-linkage
mechanism, such that if both actuators extend together, the hip
joint extends, and if one extends while the other retracts, the hip
joint abducts or adducts. By combining the two movements,
any combination of flexion-extension and abduction-adduction
angles within the operating range of the linear actuators and
linkage mechanism can be achieved. The knee joint of the ex-
oskeleton moves in flexion-extension only and is actuated by a
rotary motor via a spindle mechanism between the thigh and
the shank. Each leg of the exoskeleton attaches to the user via
three cuffs: one for the thigh, above the knee, and two for the
shank, below the knee and above the ankle.

Figure 1: All the components of the exoskeleton system [14]

The aquatic treadmill walking model used to compute the fluid
interaction forces that should be rendered at each joint is ex-
plained in section 2, followed in section 3 by the simulations
that were run to validate the model. Section 4 describes how
this model was implemented into the control architecture of the
robot, after which section 5 demonstrates that this implementa-
tion was successful through a proof-of-concept pilot experiment.
Lastly, conclusions are drawn in section 6.
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2 AQUATIC TREADMILL WALKING MODEL

2 Aquatic Treadmill Walking Model
The forces of drag and buoyancy that the exoskeleton should
apply to the user in each joint are computed by a physics-based
computational model. This model simulates a virtual environ-
ment where a virtual pair of legs walks on a treadmill while
submerged up to a certain level in a virtual fluid. The model
assumes that the maximum submersion depth is waist-depth,
such that the drag and buoyancy acting on the trunk and upper
body extremities can be ignored. The fluid in the environment is
assumed to be either stationary or flowing at a constant speed.

Virtual leg
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Figure 2: The model’s computational pipeline

The computational pipeline of the model is illustrated in fig. 2
and can be divided into 4 steps that feed into each other:

1. The virtual leg kinematics step, which takes the joint angles
acquired from the real-world exoskeleton and uses those to
compute the pose of each joint of the virtual legs.

2. The virtual leg geometry step, which takes those poses and
uses them to divide the virtual legs into a discrete set of cylin-
drical slices with each its own thickness, radius, and volumet-
ric centre point.

3. The fluid dynamics step, which computes the drag and buoy-
ancy force acting on each of those slices, based on the den-
sity, viscosity, depth, and flow velocity of the virtual fluid.

4. The inverse kinematics step, which computes the joint torque
contributions and the lateral pelvis force contribution of each
slice and adds those together for each joint to obtain the
force or torque that the exoskeleton should render.

Each step is described in detail in its own subsection.

2.1 Virtual Leg Kinematics

The kinematics of the virtual legs in this model are based on
treadmill walking instead of the free-walking kinematic model
from Kong et al. [10]. The key difference between these kine-
matic models lies in the anchor point from which each leg seg-
ment’s pose is defined. In free walking, the stance foot is
semi-stationary between heel strike and toe-off, so the free-
walking model uses the stance foot as its kinematic anchor,
which switches over at each heel strike. On a treadmill, how-
ever, the stance leg moves backwards with the belt, while the
pelvis is semi-stationary. Therefore, my aquatic treadmill walk-
ing model anchors the virtual legs at the pelvis midpoint, which
can move laterally and vertically relative to the inertial frame.

The virtual legs are modelled as a multi-body system consisting
of 5 rigid links that are connected in series at the joints. These 5
links represent the pelvis, 2 thighs, and 2 shanks. The feet are
included in the rigid bodies of the shanks, as the exoskeleton
does not have any attachments to the user’s feet, so their pose
is unknown. The multi-body system has 12 degrees of freedom,
which follow from those of the exoskeleton:

• A 6 degrees of freedom pose of the pelvis (though, except
for the lateral displacement, all of them are limited to small
unactuated displacements and angles)

• Abduction-adduction and flexion-extension of the 2 hips
• Flexion-extension of the 2 knees
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Figure 3: Illustration of the position and orientation of the reference
frames that represent the Cartesian pose of each virtual leg segment
associated with the right leg. The frames for the left leg segments are
equivalent, but mirrored with respect to the pelvis frame’s XZ plane.
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2 AQUATIC TREADMILL WALKING MODEL

The 3D Cartesian pose of each of the 5 rigid links is defined by a
reference frame centred at the joint where that link originates,
and with one of its primary axes aligned with the link. For each
hip, there is also an intermediate reference frame (Hr1 and H1)
that only rotates with abduction-adduction, and not with flexion-
extension. The position and orientation of all reference frames
associated with the right leg are shown in fig. 3. The frames
associated with the left leg are equivalent in definition, but mir-
rored with respect to the sagittal (XZ) plane of the pelvis frame.
The position and orientation of these reference frames are com-
puted through homogeneous transformations [16]. These trans-
formations are worked out in detail in appendix A. In practice,
the unactuated degrees of freedom of the pelvis are assumed
to be 0 at the input of the model. This is done because no re-
liable sensor data for them is available on the robot, and they
are limited to small displacements anyway.

2.2 Virtual Leg Geometry

With the pose of each leg segment defined, the next step is
to apply some geometry to it. The forces acting on the trunk
(including the pelvis) are neglected in this model, so the pelvis is
modelled as an infinitely thin, frictionless rod of length p that
connects the two hip joints. The geometries of the thigh and
shank are approximated as truncated cones. Each segment has
a fixed length. Thigh length Lt is measured from the hip joint to
the knee joint, while shank length Ls is measured from the knee
joint to the sole, as the foot is assumed to be part of the shank
geometry. The radii of the truncated cones are defined at the
joints through hip radius rh, knee radius rk , and ankle radius r.
These dimensions are currently hard-coded in the model, using
the values listed in table 1. However, in the future, they could
be replaced by measurements of the user’s real leg.

Table 1: The hard-coded dimensions used in the virtual leg geometry
part of the model

Dimension Symbol Length (cm)
Pelvis width p 30
Thigh length Lt 44
Shank length Ls 41
Radius at the hips rh 7
Radius at the knees rk 5
Radius at the ankles r 3

To further simplify the virtual leg geometry, each conical leg seg-
ment is divided into 20 equally spaced discrete slices. Each slice
is approximated as a cylinder with a fixed radius, which is ob-
tained through linear interpolation between the radii of the joints
at either end of the leg segment. The position of each slice is
denoted by its volumetric centre point.

The feet are included in the leg geometry as a continuation of
the shank cones. Although this is not a very accurate represen-
tation of the geometry, it is approximated as such for the sake
of simplicity. This inaccuracy in the geometry definition is (par-
tially) corrected for in the fluid dynamics part of the model by
artificially increasing the drag and buoyancy acting on the slices
that represent the feet.

2.3 Virtual Fluid Dynamics

The computed fluid dynamic forces are limited to drag and buoy-
ancy. Other effects, such as lift or wave formation, are ne-
glected because of their relatively small contributions and/or
computational complexity. The directions in which the drag and
buoyancy forces act are visualised in fig. 4. The drag and buoy-
ancy are only computed for leg slices that are considered to be
below the fluid surface, which is the case if the centre of volume
of that slice is below the fluid’s surface. As soon as the centre of
volume is above the surface level, both the drag and buoyancy
acting on that slice are assumed to be 0.

u

Fd

Fb

Figure 4: Directions of the forces of buoyancy (Fb) and drag (Fb)
acting on one arbitrary leg slice (indicated by the black dashes).
Magnitudes are not to scale. The buoyancy always points upwards

(negative z-direction), and the direction of the drag is opposite to that
of the velocity vector ().

The buoyancy and drag are computed using basic physics-based
formulae. This makes it computationally very efficient, though it
comes with the drawback that these formulae assume the fluid
to be fully stationary or moving at a constant velocity. Any ef-
fects that moving through the fluid would have on the fluid itself,
such as wave formation and induced flow [17], are neglected.
There are other, more computationally complex, methods avail-
able that do keep track of the state of the fluid, such as a voxel
grid method [18] or smoothed particle hydrodynamics [19], both
of which are commonly used for haptic fluid rendering applica-
tions [20]. However, due to limitations in the computational
hardware of the exoskeleton used in this research, these meth-
ods were not considered for this project.

The formula used to compute the buoyancy is given in eq. (1)
[21]. The gravity g is constant for all slices, with a magnitude
of 9.81 ms−2 in the positive z-direction, which ensures that the
buoyancy always points upwards.

Fb = −ρVg (1)

The volume V is different for every slice of the legs, as it depends
both on the slice’s thickness h and radius r, as given by eq. (2).

V = π r2 h (2)
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2 AQUATIC TREADMILL WALKING MODEL

The density ρ depends on the fluid which is being rendered. Four
fluids were implemented in this model. These fluids and their
density and viscosity are listed in table 2.

Table 2: The four fluids implemented in this model, together with
their density and viscosity, adapted from Chang and Jeon [12]

Fluid Density ρ (kgm−3) Viscosity μ (P s)
Water 1000 10−3
Olive Oil 800 0.1
Honey 1420 5
Peanut Butter 1283 250

The formula used to compute the drag is shown in eq. (3) [21].

Fd = − 1
2
ρCD Aƒ ||re ||re (3)

In this equation, the relative velocity term re is the velocity
of the moving object relative to the velocity of the fluid. In this
case, the moving object is the leg slice. By using the formula
in eq. (3), it is assumed that every point within a slice has the
same velocity as the centre point of that slice. The fourth-order
backward finite difference formula in eq. (4) is used to estimate
the velocity (c) of the slices’ centre points, using their posi-
tions (Pc) in the past four time steps. The flow velocity of the
virtual fluid is then subtracted from this estimated slice velocity
to obtain the relative velocity term in eq. (3).

c[t] =
1

Δt

�
11

6
Pc[t]−3Pc[t−1]+ 3

2
Pc[t−2]− 1

3
Pc[t−3]
�
(4)

Since discrete velocity estimates are always sensitive to noise,
even when using more than two time steps, a discrete low-pass
filter is added to smooth the velocity estimates of all slices fur-
ther. The final transfer function used in this filter is given by
eq. (5). The cut-off frequency of this filter is 8.23 Hz, low enough
to filter out any high-frequency noise, and still an order of mag-
nitude above the expected gait cycle frequency, so the real ve-
locity changes should be mostly unaffected.

H(z) =
0.05z−1

1 − 0.95z−1 (5)

The area term A in eq. (3) ideally depends on the leg slice’s sur-
face area orthogonal to the relative velocity, but in this model,
this velocity dependence is neglected. Each slice is a short
cylindrical section of a longer leg segment, and only has its ra-
dial outer surface exposed to the fluid. During normal gait, the
movements of each leg segment approximate those of a pen-
dulum, so the velocity has negligible axial components. Conse-
quently, the velocity’s direction should primarily be in a radial
direction. Thus, A is taken as the radial projection of the outer
surface, which depends only on the slice radius r and thickness
h, as denoted by eq. (6).

Aƒ = 2r · h (6)

The last term in eq. (3) to be computed is the drag coefficient
CD. This is a complicated term that depends on both the shape
of the object and the level of turbulence in the flow. Because of
this complexity, drag coefficients are often determined empiri-
cally. Since each leg slice has been simplified to be cylindrical,
existing empirical data on smooth near-infinite cylinders can be
used to estimate the drag coefficients for this model. The fit
curve in fig. 5, constructed from data obtained in three different
flow domains by Jayaweera and Mason [22], Tritton [23], and
Wieselsberger [24], is logarithmically interpolated to estimate
the drag coefficient when the Reynolds number (Re) is known.
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Figure 5: Fit curve of the drag coefficient of a cylinder as a function
of the Reynolds number, based on data from Jayaweera and Mason

[22], Tritton [23], and Wieselsberger [24]

The Reynolds number is computed using eq. (7) [21], using the
relative velocity, slice radius, fluid density and the fluid viscosity
μ, as listed in table 2.

Re = 2
ρ r

μ
||re || (7)

In the geometry of the leg, the feet are included as a continua-
tion of the shank. However, the shape and volume of a foot are
very different from those of the rest of the shank. Therefore, the
fluid dynamic forces acting on the lowest three cylindrical slices
of each shank are artificially increased to better represent the
presence of the foot. The length of the foot is roughly 3 times
the radius of the ankle, so it is assumed that these bottom three
slices occupy 3 times asmuch volume as they would if they were
a continuation of the shank. Therefore, the buoyancy force act-
ing on those slices is increased by a factor of 3.

For the drag, the feet are assumed to be constantly in the
anatomical reference pose. As shown by Akiyama et al. [25],
in reality, the foot is in plantar flexion during toe-off and only in
the reference pose in the middle of the swing phase. However,
since the velocity of the foot is the highest during swing, this
is the pose that is used when determining the correction factor
for the drag acting on the feet. Lauer [26] computed the drag
coefficient of both the foot and shank through computational
fluid dynamics (CFD) simulations. He showed that for a forward
swing, the drag coefficient of the foot is about 30% of that of the
shank. When the shank and foot are attached, the water that
flows around the foot also flows around the shank afterwards,
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3 MODEL VALIDATION IN SIMULATION

as it would otherwise get trapped near the ankle. Therefore,
the assumption is made that the presence of the foot increases
the drag in the bottom three shank slices by 30%.

2.4 Inverse kinematics

The total force exerted on a single leg slice is the sum of its drag
and buoyancy force. To compute the contribution of a specific
slice  to joint torque τj, of joint j, the total force of slice  is
multiplied by the moment arm from the centre point of the slice
to the joint (r,j), as shown in eq. (8). Since the pelvis is con-
sidered the semi-stationary anchoring point of the body in the
treadmill walking model, the only torque contributions that are
computed are those where the joint is between the leg slice and
the pelvis. So the forces acting on a thigh slice only contribute
to the hip torque of that leg, while the forces acting on a shank
slice contribute to both the knee and hip joint of that leg.

τj, = r,j ××× (Fb, + Fd,) (8)

Ideally, the joint torque τj that the exoskeleton produces in joint
j is then the sum of all torque contributions from the N slices
that contribute to it, as shown in eq. (9).

τj,de =
N∑
=1

τj, (9)

However, this ideal torque vector has three Cartesian compo-
nents, while the actual joints of the exoskeleton have only one
(for the knee) or two (for the hips) axes of actuation. Therefore,
all the torque components that can not be actuated need to be
discarded. The ideal torque computed in eq. (9) is defined in the
global inertial reference frame. Using the rotation-matrix com-
ponent of the homogeneous transformations computed earlier,
the torque is transformed to the local reference frame of the joint
on which the torque should act. This is needed because only in
the local reference frame is it defined which torque components
can be actuated. For the knees, that is only the y-component of
the torque (flexion-extension), and for the hips, both the x- and
y-components (abduction-adduction, and flexion-extension, re-
spectively). The other components are discarded.

The exoskeleton used in this study can also apply lateral force
perturbations to the pelvis. The total force acting on the pelvis
(FP) under the semi-stationary assumption is the sum of all the
forces acting on all 80 leg slices, as shown in eq. (10). Once
again, this is merely the ideal pelvis force vector as it has three
Cartesian components, while the pelvis can only be actuated lat-
erally, in the y-direction. Therefore, the x-and z-components are
once again discarded. It can be noted that since the buoyancy
forces all act in the negative z-direction, and the z-component of
the pelvis force is discarded, the buoyancy does not contribute
to the actual rendered pelvis force.

FP,de =
80∑
=1

Fb, +
80∑
=1

Fd, (10)

3 Model Validation in Simulation
3.1 Methods

The model’s ability to compute the buoyancy and drag contri-
butions to each joint torque and force is validated through sim-
ulations. This done in three phases:
1. Directly comparing results to the literature
2. Checking the scaling with speed and submersion depth
3. Verifying the ability to render different fluids

Phase 1 uses kinematic motion-captured data from Akiyama et
al. [25] of walking at 0.31 ms−1 in chest-deep water, enabling
a direct comparison with results from their model based on
the swimming simulator SWUM [27]. However, Akiyama’s data
does not include hip abduction and lateral pelvis displacements.
Therefore, simulation phases 2 and 3 are run using kinematic
input data from Woernle [28], who extended the gait database
by Fukuchi et al. [29] to include lateral pelvis displacements.
By averaging the extended data from the three lowest walking
speeds of each participant in the database, he created a stan-
dard kinematic gait pattern for walking in the exoskeleton used
in this study. It should be noted that this standard gait pattern is
for walking on land. As people walking through real water show
slightly different kinematics compared to overland walking [30–
32], the same can likely be observed for haptic water rendering.

The kinematic data from both sources are extracted from
graphs. Using PlotDigitizer [33], the graphs are sampled at 100
samples per gait cycle. The extracted data is then subsampled
to a frequency of 1 kHz to match the operating frequency of the
robot, using piecewise cubic Hermite interpolation. The number
of samples required for this depends on the period of one gait
cycle. The gait cycle time for walking at a speed of 0.31 ms−1 is
estimated using a power law fit through the data from Fukuchi et
al. [29], which is visualised in appendix B. The subsampled data
is extended to three gait cycles, after which a smoothing filter
is applied to ensure smooth (angular) velocities. Although each
simulation is run for three gait cycles, only the second cycle is
analysed to prevent transient smoothing effects influencing the
results. The resulting kinematic inputs are shown in appendix C.

As no ground truth output exists for simulations with the kine-
matics of Woernle [28], phase 2 instead applies scaling laws to
make a hypothesis on how drag and buoyancy should scale with
the movement speed and submersion depth. These hypothe-
ses are tested by comparing simulations with those parameters
changed to a baseline simulation of walking through waist-deep
water at 0.31 ms−1. Simulation phase 3 uses the same baseline
simulation to analyse the effects of rendering olive oil, honey,
and peanut butter, instead of water. Here, these effects are
compared to literature results from Chang and Jeon [12], who
ran simulations of the same fluids with their submerged walk-
ing model. In both phases, the results are quantified by scaling
factors , representing the ratio between the peak drag or buoy-
ancy component of a joint to that in the baseline, as in eq. (11).

 =
max|τ|

max|τbsene | (11)

Since the model is compared to literature results on free walk-
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3 MODEL VALIDATION IN SIMULATION

ing, it too should simulate free walking. Therefore, to convert
treadmill walking into an estimate of free walking, the fluids are
simulated as flowing with the same velocity as the treadmill.
This trick works because in treadmill walking, the pelvis is sta-
tionary relative to the fluid while the stance leg moves, whereas
in free walking, the opposite is true. Therefore, matching the
fluid velocity to the stance leg approximates free walking.

3.2 Phase 1: Comparison with the literature

A comparison between the simulated hip and knee flexion
torques from my aquatic treadmill walking model and those re-
ported by Akiyama et al. [25] is shown in fig. 6. For the knee, the
results align closely: both torque profiles exhibit a similar shape,
and the peak torque in my simulation is only 7% lower. For the
hip, however, the results only match during stance (0–60%) and
late swing (90–100%), whereas the results diverge substantially
during mid-swing, where the peak torques occur.
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Figure 6: The total fluid torques from my model compared to those
of Akiyama et al. [25], as well as the angular velocity of both joints.

In Akiyama’s simulation, the hip torque plateaus between 65–
80% of the gait cycle. In contrast, my simulation only shows a
brief plateau at 75%, followed by a continued rise to a torque
peak at 85% of the cycle. This torque peak has a 32% higher
magnitude than the plateau level of Akiyama. A similar but
smaller delay in peak timing is also observed for the knee
torque, suggesting a difference in the computed fluid forces act-
ing on the shank and foot.

Between 50–65% of the gait cycle, the shank accelerates for-
ward as the hip accelerates in flexion, while knee flexion par-
tially counteracts this. From 65–85%, the hip angular velocity
remains constant, but the knee starts accelerating in extension,
thus further increasing the shank velocity. Only after 85% of the
cycle, when the hip decelerates and the knee velocity plateaus,
does the shank decelerate. Thus, the shank velocity, and con-
sequently the drag force acting on it, peaks around 85% of the
gait cycle, consistent with the timing of my simulated maximum

torques. This supports the validity of my model over theirs.

The observed differences cannot be attributed to the ankle
movements that are neglected in my model. Instead of the as-
sumed fixed angle of 0°, Akiyama’s motion-captured data show
up to 80°of plantar flexion. At 85% of the gait cycle, where my
simulated torques peak, the real plantar flexion of the ankle was
40°. This would increase the frontal area and drag coefficient of
the foot compared to the assumed 0°. Therefore, if the unmod-
elled ankle pose had caused these discrepancies, the torques
would have been underestimated, not overestimated.

3.3 Phase 2: Scaling with speed and depth

Figure 7 shows the results of walking at 0.31ms−1 through
waist-deep water, with Woernle’s Kinematics. This is the base-
line against which the remaining simulations will be compared.
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Figure 7: Baseline simulation results for waist-deep water using the
kinematics from Woernle [28].
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3 MODEL VALIDATION IN SIMULATION

3.3.1 Double movement speed
The next simulation uses the same kinematics and the same
virtual fluid environment of waist-deep water. However, what is
different is that the speed of all the movements is doubled. This
means two things: the walking speed is increased to 0.62 ms−1
and the gait cycle time is reduced to 1.08 s. This is not intended
as an accurate representation of walking twice as fast. When
a person walks faster, their stride length typically increases.
Therefore, the relation between walking speed and gait cycle
time is non-linear, as shown in appendix B. Instead, this sim-
ulation represents a scenario where a person makes the exact
same kinematic movements in half the time by moving their
limbs twice as fast.

The reason for this approach is that the effect of the double
movement speed would be much harder to predict if it were
paired with a change in stride length. On the other hand, with
everymovement doubled, the relative velocity between the limb
and the fluid doubles as well. This should not affect the buoy-
ancy, as buoyancy is a hydrostatic effect. The drag, however,
should increase by a factor of 4, due to the quadratic relation
between relative velocity and drag.

The resulting graphs of this simulation are shown in fig. 15 in
appendix D. Table 3 shows the factors by which the peak torque
components increased in this simulation compared to the base-
line. As expected, the buoyancy is almost unchanged. The
small changes that are observed can be attributed to the re-
duced number of simulation steps per gait cycle, as the simula-
tion is run at the same sampling frequency but with a reduced
gait cycle time. The drag contributions increased by almost a
factor of 4, which also matches the hypothesis. Therefore, this
simulation shows that the model scales properly with varying
movement speeds.

Table 3: The peak value of each torque component and the total
torque in the double speed simulation to the peak torques in the

baseline simulation (multiplier  in eq. (11)).

Drag Buoyancy total
Hip flexion torque 3.91 0.99 5.01
Hip abduction torque 3.67 0.97 3.70
Knee flexion torque 3.90 0.99 3.33
Lateral pelvis force 3.88 - 3.88

3.3.2 Knee-deep water
The next simulation is done at the original walking speed (0.31
ms−1), but this time, the water level is only knee-deep instead
of waist-deep. This means that the thigh will remain fully above
the fluid surface throughout the gait cycle, so only the forces act-
ing on the shank will continue to contribute. This should have
almost no impact on the knee torques, as they are only influ-
enced by the shank forces regardless of whether the thigh is sub-
merged. The hip and pelvis, however, are usually influenced by
both the shank and the thigh, of which only the former remains.
Therefore, the amount by which the drag and buoyancy will de-
crease depends on how much the thigh contributes compared
to the shank.

The thigh has a larger volume than the shank due to its larger
radius, but the moment arm from the shank to the hip is much

longer than that from the thigh to the hip. With those two ef-
fects combined, they both contribute a similar amount to the
buoyancy torque of the hip, so the buoyancy should be roughly
halved when the submersion depth is reduced to knee-level.

The experienced drag torque at the hip, on the other hand, is
much more dominated by the shank. The velocity of each leg
slice scales linearly with the angular velocity of the hip and the
moment arm between the hip and that leg slice. The drag force
exerted on that leg slice scales with the velocity squared and
thus also with the moment arm squared. If you then compute
the contribution of that force to the experienced hip torque, this
requires another multiplication by the moment arm. Overall, the
drag torque experienced at the hip therefore scales with the mo-
ment arm cubed. Since the moment arms of the shank are much
longer than those of the thigh, a reduced submersion depth will
only slightly reduce the experienced drag at the hips.

The resulting graphs of this simulation are shown in fig. 16 in
appendix D. Table 4 shows the factors by which the peak torque
components increased in this simulation compared to the base-
line. As expected, the knee torques are the same as in the base-
line. For the hip, the buoyancy torques were reduced by 46%
and 39% for flexion-extension and abduction-adduction, respec-
tively. This matches the hypothesis that the buoyancy torque
would be roughly halved. The drag torque at the hips reduced
by 11% and 27%, which is, as expected, a much smaller reduc-
tion than that of the buoyancy. This shows that the model is
valid for varying submersion depths.

Table 4: The peak value of each torque component and the total
torque in the knee-deep water simulation to the peak torques in the

baseline simulation (multiplier  in eq. (11)).

Drag Buoyancy total
Hip flexion torque 0.89 0.54 1.03
Hip abduction torque 0.73 0.61 0.77
Knee flexion torque 1.00 1.00 0.99
Lateral pelvis force 0.53 - 0.53

It should be noted that the graphs of the hip and knee torques
in fig. 16 show a couple of small jumps. These jumps are the
result of the centre of volume of one of the highest shank slices
clipping through the surface level. As the model does not con-
sider the partial submersion of a slice, when the centre point
clips through the fluid surface, it suddenly starts or stops con-
tributing within the span of a single time step. The magnitudes
of these jumps are up to 0.3 Nm for the hip flexion, 0.03 for
the knee flexion, and 0.07 for hip abduction. As the magnitudes
of these jumps are more than a full order of magnitude smaller
than the torque magnitude, they will likely be difficult to notice
in practice.

3.4 Phase 3: Different fluids

In this simulation phase, three simulations are run with differ-
ent virtual fluid properties. The fluid properties that are varied
are the density and viscosity. The fluids simulated this way are
olive oil, honey, and peanut butter, whose fluid properties are
listed in table 2. Each simulation is run at a speed of 0.31 ms−1
with waist-deep submersion. The results of those simulations
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4 IMPLEMENTATION

are compared against the baseline simulation of waist-deep wa-
ter from the previous simulation phase. Chang and Jeon [12]
have done the same thing using their model, enabling a direct
comparison with their results. Chang and Jeon only included hip
flexion and knee flexion in their model, so the other degrees of
freedom cannot be compared. The factors by which the peak
torque contributions of drag and buoyancy increased in their
simulations compared to their water baseline are listed in ta-
ble 5. According to their results, the factors for the hip and knee
were the same, hence why they are only reported once.

Table 5: The hip and knee torque components simulated by Chang
and Jeon [12] relative to those from their water simulation. The values

shown are equivalent to the multiplier  in eq. (11).

Drag Buoyancy
Olive Oil 0.67 0.80
Honey 2.22 1.42
Peanut Butter 16.49 1.28

3.4.1 Waist-deep Olive Oil
The resulting graphs for the simulation with olive oil are shown
in fig. 17 in appendix D. The peak torque multipliers of each
joint are listed in table 6. For both the knee and hip flexion,
the buoyancy decreased by 20%, perfectly matching the results
from Chang and Jeon. The decrease in drag of 31% for both
joints is also very similar to Chang and Jeon’s results, as the
difference is just 2 percentage points. This shows that themodel
works well for olive oil as its virtual fluid.

Table 6: The peak value of each torque component and the total
torque in the waist-deep olive oil simulation relative to the peak
torques in the baseline simulation (multiplier  in eq. (11)).

Drag Buoyancy total
Hip flexion torque 0.69 0.80 0.80
Hip abduction torque 0.74 0.80 0.74
Knee flexion torque 0.69 0.80 0.72
Lateral pelvis force 0.76 - 0.76

3.4.2 Waist-deep Honey
Next, a simulation is run for honey, of which the results graphs
are shown in fig. 18 in appendix D. The peak torque multipliers
of each joint are listed in table 7. Again, with a 42% increase, the
buoyancy torques of both hip and knee flexion match perfectly
with those of Chang and Jeon. Likewise, the knee flexion drag
increasing by a factor of 2.22 is the same result as they have.
The hip flexion drag increases by a factor of 2.29, 7 percentage
points more than for Chang and Jeon. Proportionally, this is only
a 3% difference, which shows that the model is also suitable for
simulating honey.

Table 7: The peak value of each torque component and the total
torque in the waist-deep honey simulation relative to the peak torques

in the baseline simulation (multiplier  in eq. (11)).

Drag Buoyancy total
Hip flexion torque 2.29 1.42 2.44
Hip abduction torque 2.81 1.42 2.7
Knee flexion torque 2.22 1.42 2.05
Lateral pelvis force 3.16 - 3.16

3.4.3 Waist-deep Peanut Butter
Lastly, a simulation is run for waist-deep peanut butter, the out-
put graphs of which are shown in fig. 19 in appendix D. The
peak torque multipliers of each joint are listed in table 8. Again,
the buoyancy increase by 28% matches perfectly with the re-
sults from Chang and Jeon. However, the drag increases much
more than what they reported. The increase factors of 22.80
and 21.32 are more than 30% higher than their 16.49.

Table 8: The peak value of each torque component and the total
torque in the waist-deep peanut butter simulation relative to the peak

torques in the baseline simulation (multiplier  in eq. (11)).

Drag Buoyancy total
Hip flexion torque 22.80 1.28 32.84
Hip abduction torque 33.63 1.28 38.41
Knee flexion torque 21.32 1.28 17.81
Lateral pelvis force 40.26 - 40.26

This difference is not entirely surprising. Peanut butter has such
a high viscosity that the fluid flow is in the domain of creeping
flow (Re « 1) [21]. Within this domain, the drag coefficient de-
creases logarithmically with the Reynolds number. This means
that even a proportionally small change in velocity can cause
a proportionally large change in experienced drag. Chang and
Jeon did not report their input kinematics nor their simulated
walking speed. It is therefore very likely that their simulated
legs are moving at a slightly different velocity than those in my
simulation. For comparing water, olive oil, and honey, this differ-
ence in movement speed does not influence the results much,
as their lower viscosities result in laminar or turbulent flow. In
those flow domains, the drag coefficient is much less depen-
dent on the Reynolds number, so a small change in velocity has
a proportionally much smaller effect on the experienced drag.
Since peanut butter is viscous enough to result in creeping flow,
any difference in velocity would have a big impact on the expe-
rienced drag, which explains the difference between our results

This means that it cannot be said with certainty how well the
model can render peanut butter. Because of this, and the fact
that the simulated torques are a full order of magnitude higher
than those of the other fluids, it is decided that the rendering of
peanut butter will not be used in practice on the robot.

4 Implementation
The aquatic treadmill model is built in Simulink in MATLAB
R2013b [34] to be compliant with the exoskeleton’s existing
control architecture, which utilises the xPC target library. The
Simulink controller model of the robot runs on the external PC
(xPC). Via a UDP connection over Ethernet, commands are sent
from a host PC to the xPC. The xPC processes the sensor data,
runs the controller and sends commands to the motor drives.

The exoskeleton has rotary encoders in the two knee joints and
linear encoders in the four linear motors that actuate the hips
and the linear actuator of the pelvis. The linear encoder data for
the hips is processed through a forward kinematic model of the
linkage mechanism between the actuators and the thigh [14]
to estimate the abduction and flexion angles of the hips. The
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linear encoder data from the pelvis can be used directly as an
estimate for the lateral pelvis position. The pelvis module also
includes an IMU and an infrared motion camera to estimate the
pose of the pelvis backplate. However, since the spring mecha-
nism only allows for small displacements, this sensor data is not
used. Instead, all degrees of freedom of the pelvis other than
the lateral position of the pelvis slider are assumed to be 0.

The rotary encoder data of the knees can also be used directly
for estimating the knee flexion angle. However, as the encoder
has its rollover point within the operational limits of the joint, this
would sometimes result in an erroneously high angular velocity
estimate, causing the robot to throw an error. This happens be-
cause the encoder angle suddenly jumps from 0°to 360°, or vice
versa, within a single computation step, which the velocity esti-
mator would interpret as a full rotation in only 1 ms. To circum-
vent this issue, the knee encoder data now gets remapped to a
range of ±180°, where 0°is when the shank is in-line with the
thigh. This way, the remapped angle rolls over at 180°, which
is well outside the physical limits of the joints.

These estimates for the hip and knee angles and the lateral
pelvis position are fed to the aquatic treadmill walking model
as the kinematic input. However, the model has 3 more inputs:

1. The fluid type to be rendered (Water, Olive oil, or Honey)
2. The submersion depth (No submersion, Knee-deep sub-
mersion, or Waist-deep submersion)

3. The flow velocity of the fluid

A graphical user interface (GUI) was created to set the type of
fluid and the submersion depth from the host PC, which are then
fed as inputs to the model. The flow velocity has two modes: no
flow or counterflow. In counterflow mode, the fluid flows with
the speed of the treadmill to approximate the interaction forces
for free walking as opposed to the usual treadmill walking. Coun-
terflow mode can be enabled and disabled in the same GUI in
which the fluid parameters are set. The fluid rendering GUI has
three more toggle switches:

1. Enable/disable data logging
2. Enable/disable the rendering of buoyancy
3. Enable/disable the fluid rendering altogether

In the fluid rendering GUI, it can also be selected which fluid ren-
dering model should be used. The default model is the aquatic
treadmill walking model described in section 2, but it is also pos-
sible to switch to a simpler proportional resistance model. This
model was implemented as a baseline against which the aquatic
treadmill walkingmodel can be compared during an experiment.
An explanation of how this proportional resistance model works
can be found in appendix E.

With the kinematic inputs extracted from the encoders and the
rendering parameters set via the GUI, the model can compute
the joint torques and forces required to render the fluid envi-
ronment. However, the exoskeleton is position-controlled, not
force-controlled, so these torques and forces cannot directly be
converted to motor demands. Instead, it first needs to be esti-
mated for what (angular) displacements the robot would pro-
duce the demanded torques and forces. Accurately making

those estimates requires an inverse dynamics model of the ex-
oskeleton and its user combined. Unfortunately, it would be im-
possible to create an individual inverse dynamics model for ev-
ery single user. The best feasible option would be to create an
inverse dynamics model based on a reference person and then
scale it to the user’s length and weight. However, although I
would recommend deriving and implementing such an inverse
dynamics model in future work, it does not yet exist at the time
of this writing.

Instead, the assumption is made that the relation between (an-
gular) displacement and force or torque is linear and indepen-
dent of the current joint poses. In practice, these assumptions
might not be entirely valid, but without a detailed inverse dy-
namics model, this is the closest feasible approximation. There-
fore, the torque and force demands from the model are multi-
plied by constant linear gains to estimate the desired (angular)
displacements. For each degree of freedom, these desired dis-
placements are combined with the current positions and angles
to get the target pose of each joint. These target poses are then
fed to an inverse kinematic model of the robot to compute the
reference positions and angles of all motors.

In parallel, a transparency controller estimates the forces of
gravity acting on the robot and the resistance in the actuators
and joints. Based on those estimates, it outputs a counteracting
motor reference correction, which is added to the motor refer-
ence from the haptic rendering. This way, the effects of gravity
and friction are mostly eliminated from the robot, resulting in a
much more transparent rendering of the fluid environment.

When necessary, the motor references are further adjusted by
soft-stop controllers, which are implemented to prevent the
robot from hitting any physical limits. For the knees and pelvis,
they act as virtual spring-dampers that engage when a joint is
closer to its end stop than a predefined threshold. The soft-
stop controller for the hip joints does the same thing for each of
the four linear actuators, while also limiting the relative differ-
ence between two coupled actuators to prevent their coupling
mechanism from exceeding its physical limits. To prevent the
virtual spring-dampers of the soft-stop controllers from being
overpowered by the motor demands from the haptic rendering,
a dynamic saturation is implemented, which limits the haptic
motor demands based on each actuator’s distance to its end
stop. When this distance is less than twice the soft-stop en-
gagement threshold, and the commanded motion would further
reduce it, the haptic motor demand is linearly attenuated, such
that it reaches zero when the soft-stop engages.

After the soft-stop corrections are applied, the resulting motor
demands are sent to the motor drives. This whole process runs
on the target xPC at an operating frequency of 1 kHz. The start-
up procedure for turning on the fluid rendering on the exoskele-
ton is listed in appendix F.

5 Experimental Proof of Concept
A pilot experiment was conducted as a proof of concept for im-
plementing the aquatic treadmill walkingmodel on the exoskele-
ton. The setup was designed to be scalable to a larger study
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that will evaluate the perceived realism of the model, compared
to a simpler proportional resistance model. In addition, the ex-
periment examines how the perceived forces and torques vary
between fluid environments and assesses the extent to which
users can identify these environments by feel.

5.1 Methods

The experiment consists of 20 trials for each participant, split up
into 4 blocks of 5 trials each. Each block uses a different model
to render the fluids, as detailed in table 9. The order in which the
four models are used is randomised. The aquatic treadmill walk-
ing model is used in three different modes. The rendering mode
without buoyancy or counterflow renders only viscous drag, sim-
ilarly to the proportional resistance model. The rendering mode
with buoyancy, but without counterflow, is the default operating
mode where the virtual avatar walks on a submerged treadmill.
The rendering mode with counterflow represents a free walking
virtual avatar, whose movement speed is represented by the
fluid’s counterflow.

Table 9: The four rendering models used in the experiment

Rendering model

A Proportional resistance model
B Aquatic Treadmill Walkingmodel, without buoyancy

or counterflow
C Aquatic Treadmill Walking model, with buoyancy,

but without counterflow
D Aquatic Treadmill Walking model, with buoyancy,

and with counterflow

Each model has its own block of five trials, all of which have a
different fluid environment that is being rendered. The five fluid
environments that are rendered are listed in table 10 and appear
in a random order for each block. When air is rendered, none
of the models output any fluid forces, so it serves as a control
condition that is the same for all rendering models.

Table 10: The 5 fluid environments that will be rendered in a random
order for each block of the experiment

Submersion level Rendered fluid

1 No submersion Air
2 Knee-deep Water
3 Waist-deep Water
4 Waist-deep Honey
5 Waist-deep Oil

The full experiment protocol can be found in appendix G. Dur-
ing each trial, the participant walks for 60 s on the treadmill at
a speed of 1 kmh−1, while the exoskeleton applies the fluid ren-
dering forces to them. It is unknown to the participant which
fluid environment is being rendered or which rendering model is
used. Instead, they are tasked to identify the fluid environments
by feel as they are walking. Before the first trial, there is a single
familiarisation trial with the exoskeleton in transparency mode.
This transparency mode is equivalent to the control condition of
air rendering. The objective of this familiarisation trial is to fa-
miliarise the participant with the treadmill speed and the feeling
of walking in the exoskeleton.

For each trial, the haptic outputs of the rendering model are
recorded, along with the joint kinematics and the knee interac-
tion torques between the participant and the robot. This data is
recorded at the exoskeleton’s operating frequency of 1 kHz.

After each trial, the participant is asked to fill in a questionnaire
indicating if they perceived the treadmill speed as adequate,
stating how realistic the fluid rendering felt (through the real-
ism questions from the haptic experience inventory [35]), and
how strong the perceived forces and torques were at the hips,
knees, and pelvis (through a CR10 version of the Borg Rating
of Perceived Exertion [36]). Additionally, after each block of 5
trials, they are asked to match each trial with the fluid environ-
ment they believed was being rendered, and to report the level
of fatigue and discomfort they experienced (through questions
based on the Improved Musculoskeletal Discomfort Assessment
Tool [37]). The full questionnaire can be found in appendix H.

5.2 Results

The experiment is run with 3 healthy participants (1 Male, 2 Fe-
male, ages 28-45) with amixed level of previous experience with
the exoskeleton. All participants are staff of the Motor Learn-
ing and Neurorehabilitation lab at the Mechanical Engineering
faculty of TU Delft, so ethical approval was not required. Due
to technical malfunctions and changes in the experiment proto-
col, not all participants were able to have a single session with
all four models. For participant 3, the blocks of trials were di-
vided over two sessions. For participant 1, the aquatic treadmill
walking model with buoyancy, but without counterflow, is not
included at all. An overview of the questionnaire answers of the
three participants is presented in appendix I.

5.3 Discussion

With only three participants in the pilot experiment, making sta-
tistically significant statements based on the experiment data is
not feasible. However, it is still important to analyse the results
to make observations that may indicate a significant effect or
an issue with the methodology. These indications can then be
used to refine the methodology for future research.

5.3.1 Perceived Realism
Looking at the total realism scores given by the participants (ta-
ble 17), strong interpersonal biases become apparent. Given
the inherently subjective nature of realism, such biases are
to be expected. In a larger-scale study, the scores should be
normalised per participant to eliminate these biases and en-
able meaningful statistical analysis across multiple participants.
However, with only three participants and partially incomplete
data, such an analysis would not yield statistically significant
results and was therefore omitted.

There also seems to be an issue of low within-participant consis-
tency. The control condition (air rendering) was identical across
all models and should theoretically receive the same realism rat-
ing. In practice, however, scores for these air trials varied sub-
stantially even within a single participant. This inconsistency in
scores for the same condition indicates that participants might
score the realism comparatively to the trials around it, or that
there is a certain level of randomness to each given score.
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Part of this randomness may originate from the questionnaire
design. The four realism-related questions were reportedly very
similar, and participants had difficulty distinguishing between
them. In the original Haptic Experience Inventory (HXI) [35],
these questions are randomly mixed in with questions related to
other perceptual dimensions, which makes their similarity less
apparent. Grouping these questions together in the question-
naire might have reduced their validity.

Another factor influencing the scores is the lack of a ground-
truth reference. Participants were asked to assess the realism
of oil and honey rendering without having experienced walking
through them in real life. Even for water, the most recent real-
world experience is likely too long ago to serve as a reference.
Without a good reference of how the experience is supposed
to feel, rating its realism becomes practically impossible. Not
knowing which fluid environment is being rendered in the first
place does not help with scoring its realism either.

Lastly, it appears that themodel with counterflow was perceived
as the least realistic. This likely reflects a mismatch between
participant expectations and what was actually being rendered.
As participants were not informed that the virtual fluid would
flow toward them, they could not evaluate the realism accord-
ingly. Notably, one participant mentioned during their first trial
with counterflow that it ”suddenly felt like they had to move
against a strong headwind,” which accurately describes how the
counterflow is supposed to feel. This suggests that if partici-
pants had been informed what they were supposed to feel, they
might have given higher realism scores.

5.3.2 Perceived forces
The ratings of perceived forces (table 19) are also strongly af-
fected by individual differences between participants. While one
participant rated all forces as 4 or lower, another reported multi-
ple scores of 9. However, interpersonal variation is not the only
source of bias in the data. Fatigue also appears to have a strong
influence on the perceived forces. As participants become fa-
tigued, they are more likely to experience identical forces as
stronger than when they are well-rested. Fatigue is also a plau-
sible cause for the within-participant inconsistencies in the force
ratings of the control trials. For a future, larger-scale experi-
ment, the force ratings should therefore be corrected for fatigue
to enable a meaningful statistical analysis.

Another notable observation is that there were multiple in-
stances of two or more fluid conditions from the same model re-
ceiving (nearly) identical force ratings. This could indicate that
the simulated fluid environments are too similar to be distin-
guishable. To investigate this, it would be valuable to experi-
mentally determine the Weber fraction (the minimum percep-
tible relative change) for differentiating virtual viscosities ren-
dered with the exoskeleton, similar to the approach used by
Schmidt et al. [38] for a hand–arm exoskeleton. Such an analy-
sis could clarify whether the haptic rendering gain (i.e., the map-
ping between desired torque and angular displacement) should
be retuned to enhance the perceptual distinction between fluid
conditions.

5.3.3 Identification of fluid environments
Table 18 shows the guesses each participant made in identify-
ing the fluid environment for each trial. With 9 out of 15 trials
identified correctly, the model with counterflow has the most
correct guesses of all the models. This is primarily the result of
the counterflowing honey environment being so heavy to walk
in that it is easily identified correctly. For all other models, the
environments with honey or oil were never identified correctly.
This is most likely because they are the fluids that the partic-
ipants have never walked through in real-life, making it much
harder to identify them through a haptic experience. The air en-
vironment was identified correctly about two-thirds of the time,
independently of the rendering model. So participants are fairly
consistent in their ability to identify the control trials as such,
even if their subjective realism and force ratings are not.

The level of confidence does not appear to be a good predic-
tor for how many of the guesses are correct, as the only set
of guesses with a confidence level of 3 (very confident) had no
correct guesses at all.

6 Conclusion
In this study, an Aquatic treadmill walking model was devel-
oped to enable the haptic rendering of fluid environments on
a lower limb exoskeleton. The Aquatic treadmill walking model
is a physics-based computational model that can simulate the
forces of drag and/or buoyancy experienced while walking on a
treadmill through a virtual fluid. A variety of fluid environments
can be simulated using this model, varying in depth, flow veloc-
ity and the fluid’s density and viscosity. The model uses slightly
different virtual leg kinematics compared to the conventional
free walking kinematics found in the literature, making it more
suitable for haptic applications where the user is walking on a
treadmill. Through simulations, it was demonstrated that the
model’s simulated output torques and forces are consistent with
the literature and scale as expected when environment param-
eters are changed.

The aquatic treadmill walkingmodel was successfully integrated
into the existing control architecture of the exoskeleton, and a
pilot experiment was run as a proof of concept. This experiment
evaluated the haptic experience of three healthy participants
walking in the exoskeleton while the aquatic treadmill model or
a simpler proportional resistance model rendered a variety of
fluid environments. However, a larger-scale experiment is re-
quired to draw any conclusions on whether either of the models
is perceived as more realistic.

Compared to the existing literature, this implementation of hap-
tically rendering fluid environments on a lower limb exoskele-
ton adds lateral degrees of freedom on top of the previously ex-
plored sagittal degrees of freedom. This enables simulating the
balancing effects of aquatic therapy on the robot, and opens up
a new area of exploration for virtual aquatic gait rehabilitation
therapies.
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Appendix A: Virtual Leg Kinematics

Appendix A: Virtual Leg Kinematics
The inertial origin of the kinematic model is located at the centre of the pelvis when the user stands upright in the anatomical
reference pose. The virtual pelvis frame of reference is also centred in the middle of the pelvis between the two hip joints, but
moves along with the physical pelvis of the user, and is visualised in fig. 8.

𝑍௉

𝑌௉

𝑋௉

Figure 8: Visualisation of the position and orientation of the virtual pelvis frame (as seen from the front)

The virtual pelvis is defined as a rigid body that can freely move with respect to the inertial origin of the virtual environment.
This means that its position and orientation are described by a set of 6 degrees of freedom: The x, y, and z position of the pelvis
midpoint (p, yp, and zp), and the rotation around the inertial x, y, and z axes compared to the anatomical reference pose (ϕp,
θp, and ψp). Since the pelvis does not move forward in the walking on a treadmill model, the x-displacement should remain 0.
However, to allow for some play, it is still included in the kinematic model. The same is true for the rotations. They should also
be roughly 0, but are included for completeness. The homogeneous transformation (OTP1) from the inertial origin frame (O) to
the pelvis frame (P) is given by the matrix multiplication in eq. (12). This is done using three in-between frames: P1, P2, and P3,
each of which represents one of the three consecutive rotations. The consecutive homogeneous transformations are defined by
the matrices in eq. (13). Note that the order in which the rotations are applied is Z-X-Y (Yaw-Pitch-Roll).

OTP = OTP1 · P1TP2 · P2TP3 (12)

OTP1 =


cos
�
ψp
�

sin
�
ψp
�

0 p

− sin�ψp� cos
�
ψp
�

0 yp

0 0 1 zp

0 0 0 1

 (13a)

P1TP2 =


cos
�
θp
�

0 sin
�
θp
�

0

0 1 0 0

− sin�θp� 0 cos
�
θp
�

0

0 0 0 1

 (13b)

P2TP3 =


1 0 0 0

0 cos
�
ϕp
�

sin
�
ϕp
�

0

0 − sin�ϕp� cos
�
ϕp
�

0

0 0 0 1

 (13c)
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b) Orientation of the Hr2 frame (as
seen from the right)

Figure 9: Illustration of the position and orientation of the two right hip frames. The position and orientation of the left hip frames are
equivalent, but with a translation in the negative y direction and an abduction angle around the positive x-axis.

At either end of the pelvis, there is a hip joint with two degrees of freedom: abduction and flexion. For both hips, the flexion angle
(θh and θhr for the left and right hip, respectively) goes around the positive y-axis, and the abduction angle goes around the
positive x-axis for the left hip (ϕh) and the negative x-axis for the right hip (ϕhr). The hip joints are situated at half a pelvis width
(p) distance from the pelvis midpoint in the positive and negative y-direction. There are two frames of reference associated with
each hip, as illustrated in fig. 9 for the right hip. Frame Hr1 moves with the abduction of the (right) hip compared to the pelvis
frame (P). Frame Hr2 moves with the flexion of the (right) hip compared to Hr1.

The transformation matrices to go from frame P to Hr1 and from Hr1 to Hr2 are given in eq. (15) and eq. (16), respectively. The
transformation matrix from the inertial frame (O) to the right hip frame (Hr) is then given by eq. (14).

OTHr = OTP · PTHr1 · Hr1THr2 (14)

PTHr1 =


1 0 0 0
0 cos(ϕhr ) sin(ϕhr )

1
2p

0 − sin(ϕhr ) cos(ϕhr ) 0
0 0 0 1

 (15)

Hr1THr2 =


cos(θhr ) 0 sin(θhr ) 0

0 1 0 0
− sin(θhr ) 0 cos(θhr ) 0

0 0 0 1

 (16)

The transformation matrices for the left hip frame(s) are very similar, except that the translation in the y-direction is reversed, and
the abduction goes around the positive x-axis instead of the negative one. The matrices are thus given by eqs. (17) to (19).

OTH = OTP · PTH1 · H1TH2 (17)

PTH1 =


1 0 0 0
0 cos(ϕh) − sin(ϕh) − 1

2p

0 sin(ϕh) cos(ϕh) 0
0 0 0 1

 (18)

H1TH2 =


cos(θh) 0 sin(θh) 0

0 1 0 0
− sin(θh) 0 cos(θh) 0

0 0 0 1

 (19)
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The last frames to consider are the knee frames, which are positioned at 1 thigh length (Lt) in z-direction in the hip frame of the
same leg. Their orientation moves along with the flexion of the respective knee (θk and θkr for left and right). This position and
orientation are illustrated in fig. 10.

𝐿௧
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𝜃௞௥

𝑍ு௥ଶ

𝑋ு௥ଶ
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𝑌௄௥

Figure 10: Illustration of the position and orientation of the right knee frame (Kr) compared to the second right hip frame (Hr2), as seen from
the right. The position and orientation of the left knee frame are defined in the same way.

The transformation matrix from the right hip frame Hr to the right knee frame is given by eq. (21). The transformation matrix to
go from the inertial frame O to the right knee frame can then be computed through eq. (20).

OTKr = OTHr · HrTKr (20)

HrTKr =


cos(θkr ) 0 − sin(θkr ) 0

0 1 0 0
sin(θkr ) 0 cos(θkr ) Lt

0 0 0 1

 (21)

Likewise, eq. (23) gives the transformation matrices from the left hip frame H to the left knee frame K, and eq. (22) can be used
to compute the transformation from the inertial frame O to the left knee frame.

OTK = OTH · HTK (22)

HTK =


cos(θk) 0 − sin(θk) 0

0 1 0 0
sin(θk) 0 cos(θk) Lt

0 0 0 1

 (23)
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Appendix B: Gait Cycle Time Estimation

Appendix B: Gait Cycle Time Estimation
For every trial of every participant in the gait database from Fukuchi et al. [29], the walking speed and gait cycle time are shown
as a scatterplot in fig. 11. A power law function was fitted through these data points to describe the relation between walking
speed and gait cycle time. This relation was then used to extrapolate the expected gait cycle time for walking at a speed of 0.31
ms−1.
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Figure 11: A scatterplot of the gait cycle time and walking speed for all trials included in the gait database from Fukuchi et al. [29]. Each blue
dot is one trial from that database. The red line is a power series fit through this data, which is used to extrapolate the gait cycle time for a

walking speed of 0.31 ms−1, shown in green.
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Appendix C: Simulation Input Kinematics
The simulation in phase 1 is run using the kinematic data from Akiyama et al. [25]. After data extraction, subsampling, and
smoothing, the resulting gait cycle kinematics used as input for the simulation are shown in fig. 12. As no data for the hip
abduction and pelvis displacement are reported, they are both assumed to be a constant 0 in the simulation.
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Figure 12: The kinematic data extracted from Akiyama et al. [25], which is used as a kinematic input in simulation phase 1. The gait cycle
goes from heel strike to heel strike, with toe-off occurring at 60%.

The simulations in phases 2 and 3 are run using kinematic data from Woernle [28]. After data extraction, subsampling, and
smoothing, the resulting gait cycle kinematics used as input for the simulation are shown in fig. 13.
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Figure 13: The kinematic data extracted from Woernle [28], which is used as a kinematic input in simulation phases 2 and 3. The gait cycle
goes from heel strike to heel strike, with toe-off occurring at 60%.
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Appendix D: Simulation Results - Graphs
These are the graphs of the fluid torque contributions of drag and buoyancy to each joint computed by the model during the
various simulations in phases 2 and 3 of the model validation.
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Figure 14: The baseline simulation results for waist-deep water using the kinematics from Woernle [28]. For each joint, both the total torque
and the individual contributions of drag and buoyancy are shown.
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Figure 15: The simulation results for walking at double the speed (0.62 ms−1). For each joint, both the total torque and the individual
contributions of drag and buoyancy are shown.
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Figure 16: The simulation results for walking in knee-deep water. For each joint, both the total torque and the individual contributions of drag
and buoyancy are shown.
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Figure 17: The simulation results for waist-deep olive oil. For each joint, both the total torque and the individual contributions of drag and
buoyancy are shown.
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Figure 18: The simulation results for waist-deep honey. For each joint, both the total torque and the individual contributions of drag and
buoyancy are shown.
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Figure 19: The simulation results for waist-deep peanut butter. For each joint, both the total torque and the individual contributions of drag
and buoyancy are shown.
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Appendix E: Proportional Resistance Model
During the pilot experiment, the quality of the haptic rendering of the model developed in this research and its perceived resistance
are compared to those of a simpler proportional resistance model. This appendix describes the proportional resistance model in
more detail.

The proportional resistance model is intended to be the easiest implementation of a model that can haptically render a fluid
resistance. It fully disregards buoyancy and instead only renders drag. Also, many simplifications are made in the drag. Firstly,
it is assumed that the behaviour of the knee joint does not influence the drag experienced at the hip and vice versa. In reality,
the hip and knee joints both influence the velocity of the shank, and thus the drag forces applied there. The drag forces at the
shank also result in a torque experienced at both the knee and hip joints. So in reality, the hip and knee joints both have a big
influence on the torques experienced by the other. In the simple proportional model, on the other hand, the torque at the hip
(τhp) is quadratically proportional to the hip joint’s angular velocity (ωhp) via a gain kd,hp and a fluid-dependent multiplier , and
similarly for the knees. Likewise, the drag force at the pelvis (Fpes is quadratically proportional to the linear velocity of the pelvis
(pes), as denoted by eq. (24). The value of the multiplier is determined by the simulation results of Chang and Jeon [12]. For
water, the multiplier  is 1, and for the other fluids it is equal to the drag multiplier listed in table 5.

τhpƒ e =  kd,hp ƒ e ωhp ƒ e
����ωhp ƒ e
����

τhpbd =  kd,hp bd ωhp bd
����ωhp bd
����

τknee =  kd,knee ωknee ||ωknee ||
Fpes =  kd,pes pes

����pes����
(24)

The gains were tuned through simulation, such that the peak torques were in the same order of magnitude as those from the
aquatic walking model given the kinematic inputs from Woernle [28]. The values of those gains are listed in

Table 11: Proportional gains kd of the simple model

Gain Value
kd,hpƒ e -5
kd,hpbd -13
kd,knee -1
kd,pes -600

Simulating the simple model with these gains for waist-deep water, using the kinematics from Woernle [28], yields the output
forces and torques shown in fig. 20. Most notably, due to the simplifications described above, the buoyancy component is 0 for
all degrees of freedom, and the shapes of the drag component curves are very different from those in fig. 14 that were simulated
using the aquatic walking model. Looking at the relative peak torque differences, the values in table 12 are obtained.

Table 12: The peak value of each torque component and the total torque in the waist-deep water simulation using the simple model relative to
the peak value of the same torque component in the same simulation using the aquatic walking model. The values given are those of the

multiplier  in eq. (11).

Drag Buoyancy total
Hip flexion torque 0.54 0 0.80
Hip abduction torque 0.58 0 0.67
Knee flexion torque 1.20 0 1.00
Lateral pelvis force 0.88 - 0.88
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Figure 20: The simulation results for waist-deep water, using the simple proportional resistance model. Note that buoyancy is not considered
in this model, hence why it is zero for all degrees of freedom.

After testing on the exoskeleton itself, it was determined that with these gains, the knee flexion was too stiff, making it uncom-
fortably hard to bend the knees, especially with more viscous fluids being rendered. Therefore, the knee gain was reduced to
−0.4.
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Appendix F: Exoskeleton Start-up Procedure
Table 13 lists the steps required to start the exoskeleton such that it can be used for virtual fluid rendering.

Table 13: Exoskeleton Start-up checklist for turning on virtual aquatic therapy rendering

# Task Done

1 Turn on the host PC, log in, and open MATLAB R2013b □
2 Turn on the exoskeleton via the power block □
3 Make sure both emergency stops are not pressed □
4 Turn on the exoskeleton target xPC □
5 Check that the target PC booted correctly. If it got stuck mid-boot, turn it off and on again, until it

does boot properly
□

6 In MATLAB, run init_ForceControl.m □
7 Check that you now see 4 GUI windows: The LokoFree Control GUI, the fluid rendering GUI, the Dis-

turbance Control GUI, and the Treadmill Control GUI
□

8 In the LokoFree Control GUI, make sure the selectedmodel is LokoFree_ForceControl_aquatic_with_simple □
9 If changes were made to the model, navigate to the build folder, open the Simulink model and rebuild

it. Otherwise, you can skip this step.
□

10 In the LokoFree Control GUI, click load exoskeleton to download the Simulink model onto the xPC □
11 Check that the xPC monitor now shows a GUI with 9 value monitoring blocks. If not, load again □
12 In the LokoFree Control GUI, click start exoskeleton □
13 Check that the value monitoring blocks on the xPC monitor are now showing values □
14 In the Fluid rendering GUI, make sure both logging and fluid rendering are disabled □
15 Fill in the number of ticks for each exoskeleton segment into the LokoFree control GUI, put a checkmark

in the MUCDA sensors and ATI mounted R checkbox (and not the ATI mounted L checkbox), and click
set values to xPC

□

16 In the Treadmill control GUI, click load treadmill □
17 Check that the treadmill monitor now shows a GUI with 4 value monitoring blocks. If not, load again □
18 In the Treadmill control GUI, click start treadmill □
19 Check that the value monitoring blocks on the treadmill monitor are now showing values □
20 In the LokoFree Control GUI, toggle the enableUnityUDP to off
21 In the LokoFree Control GUI, clear the exoskeleton errors until no errors remain □
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Appendix G: Experiment Protocol
The protocol for the experiment is listed in table 16. The protocol is divided into 6 phases. The steps in the preparations phase
(A) and the system test phase (B) are done before the arrival of the participant. Once the participant is present, the steps in the
pre-experiment phase (C) are followed. The steps in the trial phase (D) and between trials phase (E) are repeated for each trial in
the experiment. Lastly, the post-experiment phase (F) is followed at the end, once the experiment is finished.

The experiment consists of 4 blocks of 5 trials each (for a total of 20 trials). Each block uses one of the four available rendering
models, as listed in table 14. The order in which the models are used is randomised.

Table 14: The three rendering models used in the experiment

Rendering model

A Proportional resistance model
B Aquatic Treadmill Walking model, without buoyancy or counterflow
C Aquatic Treadmill Walking model, with buoyancy, but without counterflow
D Aquatic Treadmill Walking model, with buoyancy, and with counterflow

Each trial within a block has a specific fluid condition that is rendered. The 5 fluid conditions are listed in table 15, and again
appear in a random order for each block. Before the very first trial, there will be one familiarisation trial without fluid rendering
enabled, so the participant can get used to walking with the exoskeleton (in transparency mode).

Table 15: The 5 fluid conditions that will be rendered in a random order for each block of the experiment

Submersion level Rendered fluid

1 No submersion Air
2 Knee-deep Water
3 Waist-deep Water
4 Waist-deep Honey
5 Waist-deep Oil

The participant is given the following explanation of the experiment in step 4 of the pre-experiment phase:
”The experiment will consist of 20 trials in total, divided into 4 blocks of 5 trials each. During each trial, you will walk on the
treadmill at a speed of 1 km/h for 60 seconds while strapped into the exoskeleton. The exoskeleton will apply forces to your legs
and pelvis to create the feeling of being submerged in a virtual liquid. For each block of trials, a different rendering model is used,
and for each trial within that block, a different fluid environment is rendered. Both the type of liquid and the depth of submersion
will vary. The three liquids that will be rendered are water, oil, and honey. Oil is lighter than water, while honey is heavier and
much more viscous. The depth of submersion will be either waist-deep, knee-deep, or nothing at all. After each trial, you will
answer a few questions regarding perceived forces and perceived realism. After every block of 5 trials, there will be a short break,
the duration of which will be up to you. During this break, I will ask you to identify which fluid you think was being rendered during
each trial of the last block. At all times during the trials, both you and I will be holding an emergency stop button. If at any point,
something feels unsafe, uncomfortable, or otherwise wrong, do not hesitate to press it. This will immediately stop the treadmill
and the exoskeleton. Before we can start, I have a few demographic questions I would like you to answer. After that, I will invite
you to stand on the treadmill so I can adjust the exoskeleton to you.”

Table 16: Experiment protocol checklist

# Task Done

A Preparations □□□□
1 Print out this experiment protocol, the exoskeleton start-up procedure, and the questionnaire □
2 Bring at least two functioning pens for filling in the printed documents (one spare) □
3 Have a stopwatch and a tape measure ready □
4 Check that the body-weight support system, the harness, the orthosis, and the treadmill show no signs of

damage
□

5 Make sure the orange tension straps are loosely in place and show no signs of damage □
6 Make sure the data-logging USB drive is plugged into the target PC □
7 Randomise the order in which the models will appear and for each block of trials, in which order the fluid

conditions will appear
□
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# Task Done

B System test □□□□
1 Follow the exoskeleton start-up procedure □
2 Check that the exoskeleton can freely be moved and that the transparency mode is working □
3 In the fluid rendering GUI, set the fluid environment to waist-deep water, using the Aquatic Treadmill walking

model, with no buoyancy or counterflow, and enable fluid rendering
□

4 Move the right leg of the exoskeleton and check that you can feel resistance due to the fluid rendering □
5 In the LokoFree control GUI, set the treadmill speed to 1 kmh−1 and check that the treadmill starts moving □
6 Press the handheld emergency stop and check that the exoskeleton and treadmill stop moving □
7 Release the handheld emergency stop □
8 Clear exoskeleton errors via the LokoFree control GUI and check that the exoskeleton and treadmill become

active again
□

9 Press the floor emergency stop and check that the exoskeleton and treadmill stop moving □
10 Release the floor emergency stop and turn off the exoskeleton via the power block switch □
C Pre-experiment

1 Welcome the participant to the lab and thank them for making time to participate in the experiment □
2 Inform the participant that if at any point during the experiment they don’t want to continue any more, they

are free to quit
□

3 Explain the setup of the experiment (important things to show: treadmill, exoskeleton (including how the
participant will be strapped in), and emergency stops)

□
4 Explain how the experiment will work (see text on the front page of this protocol) □
5 Check with the participant that they understand the experiment and still want to participate in it □
6 Ask the participant to fill in the Participant Demographic section of the questionnaire □
7 Ask the participant if there is anything (eg. medical condition) that the person running the experiment should

know about before starting the experiment
□

8 Let the participant know that if they want to can use a provided pair of sports shoes □
9 Ask the participant to stand on the treadmill between the legs of the exoskeleton, facing forward □
10 Adjust the height of the body weight support harness until it is at chest height □
11 Adjust the height of the pelvis with the tension straps, such that the hip joint of the exoskeleton is at the

same height as the hip joint of the participant. Make sure to tighten them equally on both sides!
□

12 Adjust the height of the pelvis module such that it is level with the pelvis □
13 Ask the participant to put on the body weight support harness (show them how to do this) □
14 Adjust the pelvis width of the exoskeleton such that it is a snug fit with the pelvis of the participant. Make

sure that the number of ticks is the same on both sides!
□

15 Adjust the frontal ticks of the pelvis such that the back of the participant rests against the pelvis backplate
of the exoskeleton. Make sure that the number of ticks is the same on both sides!

□
16 Adjust the length of the exoskeleton thighs such that the knee joints of the exoskeleton are at the same height

as the knee joints of the participant
□

17 Adjust the length of the exoskeleton shank such that the ankle cuff is just above the ankle of the participant □
18 Loosen the frontal sliders of the thigh, calf, and ankle cuffs □
19 Strap in the thigh, calf, and ankle cuffs, and ask the participant to straighten their legs □
20 Adjust the frontal ticks of the thigh cuffs such that the knee of the participant is right next to the knee joint

of the exoskeleton, then tighten it
□

21 Adjust the frontal ticks of the calf and ankle cuffs and tighten them again □
22 Ask the participant to make a walking motion with both their legs □
23 Ask if anything feels uncomfortable, and if so, adjust the exoskeleton accordingly □
24 Write down the number of ticks for each exoskeleton segment for future reference □
25 Start with a single familiarisation trial in transparency mode before starting with the trials with fluid rendering □
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# Task Done

D Trials □□□□
1 If it is the first trial of a block, or if some error occurred during the previous trial (including pressing the

emergency stops), follow steps 2 through 9 of the exoskeleton start-up procedure. Otherwise, you can skip
those steps

□

2 Hand the participant the hand-held emergency stop and remind them that if at any point in time they feel
uncomfortable or unsafe, they should not hesitate to press it

□
3 Grab the floor emergency stop yourself and make sure you are always able to press it if needed □
4 Follow steps 10 through 20 of the exoskeleton start-up procedure □
5 Fill in the trial ID in the logging section of the LokoFree control GUI (the trial ID is a 3-digit number, with the

first digit the participant number, the second which block it is, and the third which trial it is within that block)
□

6 In the fluid rendering GUI, enable logging □
7 In the fluid rendering GUI, adjust the fluid type, fluid depth, model selection, buoyancy enable, and counter-

flow enable to the correct conditions for this trial and click the set values button
□

8 Tell the participant that you will now enable the exoskeleton in transparency mode □
9 Clear the exoskeleton errors through the LokoFree control GUI until no errors remain □
10 Tell the participant that you will now turn on the fluid rendering □
11 Enable fluid rendering via the fluid rendering GUI □
12 Confirm with the participant that they are ready to start walking □
13 In the LokoFree control GUI, set the treadmill speed to 1 kmh−1 □
14 Start the stopwatch □
15 Once the stopwatch reaches 60 seconds, inform the participant that the trial is done, and set the treadmill

speed back to 0 kmh−1
□

16 In the fluid rendering GUI, disable fluid rendering and data logging □
17 When prompted to stop the scopes and save the data, and overwrite any existing data, confirm that that is

what you want.
□

18 In the LokoFree control GUI, click stop exoskeleton □
19 In the treadmill GUI, click stop treadmill □
E Between Trials

1 Ask the participant to fill in the post-trial questions in the questionnaire □
2 Check that the logged data was saved correctly □
3 If it was the last (5th) trial of a block, ask the participant also to fill in the post-block questions of the ques-

tionnaire
□

4 If it was the last (5th) trial of a block, shut down the exoskeleton xPC □
5 Once the participant is done filling in the questionnaire questions, ask them whether or not they want to take

a break or want to continue to the next trial
□

F Post-experiment

1 Thank the participant for participating in the experiment □
2 Store a backup of the logged data in the project drive □
3 Store the questionnaire in a secured cabinet □
4 Check that the body-weight support, the harness, the orthosis, and the treadmill show no signs of damage □
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Appendix H: Experiment Questionnaire

Questionnaire — Version 27/11/2025

Walking through haptically rendered fluids in a lower limb exoskeleton

Participant Information Participant ID: ___________

Gender:

m Male m Female m Other: __________________

Age:

______________

Weight:

______________ kg

Length:

______________ cm

Thigh Length:

______________ cm

Shank Length:

______________ cm

How often (approximately) have you walked with a leg exoskeleton before?

m Never m Once m 2-5 times m 6-10 times m More than 10 times

How many of those times (approximately) were with this exoskeleton specifically?

m I don’t know m Never m Once m 2-5 times m 6-10 times m More than 10 times
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Reference for the Researcher Participant ID: ___________
(Filled in by the researcher)

Exoskeleton linkage lengths

Ticks Thigh:

______________

Frontal Ticks Right:

______________

Frontal Ticks Left:

______________

Ticks Shank:

______________

Lateral Ticks Right:

______________

Lateral Ticks Left:

______________

Randomised order of the models and conditions:

Model

Condition 1st trial

Condition 2nd trial

Condition 3rd trial

Condition 4th trial

Condition 5th trial
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Trial-specific questions: Block _____ Trial _____ Participant ID: ___________
(to be filled in once after every trial)
The following questions are about the trial that just finished. Please read the questions carefully and answer them truthfully to
the best of your ability. If anything is not entirely clear, please ask the researcher to clarify further.

Did you like the speed of the treadmill, or do you think a different speed would have been better?

m I liked the speed as it was m I think faster would have been better m I think slower would have been better

Perceived Forces
Based on Borg’s CR-10 Rating of Perceived Exertion (RPE CR10) [36]

How strongly did you perceive the following torques and forces from the exoskeleton?

None
at all

Very
very
light

Very
Light

Light Mode-
rate

Slightly
strong

strong Very
strong

Very
very
strong

0 ½ 1 2 3 4 5 6 7 8 9 10

Knee torques m m m m m m m m m m m m

Hip torques m m m m m m m m m m m m

Lateral pelvis forces m m m m m m m m m m m m

Realism
Adapted from the Haptic Experience Inventory (HXI) [35]

How much do you agree with the following statements?

Strongly
Dis-
agree

Disagree Somewhat
Dis-
agree

Neither
Agree,
Nor Dis-
agree

Somewhat
Agree

Agree Strongly
Agree

-3 -2 -1 0 1 2 3

The haptic sensations resembled what I nor-
mally feel when walking through a real liq-
uid

m m m m m m m

The haptic sensations felt familiar to real life
forces

m m m m m m m

The haptic sensations closely mimicked
how I would expect walking through a liq-
uid to feel in reality

m m m m m m m

The haptic sensations provided a true-to-
life representation of a real-world liquid

m m m m m m m

Room for notes:
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End of block Questions: Block _____ Participant ID: ___________
(to be filled in after every block of 5 trials)
The following questions are about the whole block of 5 trials that just finished. Please read the questions carefully and answer
them truthfully to the best of your ability. If anything is not entirely clear, please ask the researcher to clarify further.

During which of the five trials of this block do you think the following fluid conditions were rendered?
(They each appeared exactly once)

No liquid rendering (Air): Trial _____

Waist-deep Honey: Trial _____

Knee-deep Water: Trial _____

Waist-deep Oil: Trial _____

Waist-deep Water: Trial _____

How confident are you in your answers?

m 0: Not confident at all m 1: Slightly confident m 2: Moderately confident m 3: Very confident m 4: Fully confident

How much fatigue do you currently feel in the following places?
0 = No fatigue 2 = Slight fatigue 4 = Moderate fatigue 6 = Heavy fatigue

Body Part Fatigue Level
0 1 2 3 4 5 6

Ankles m m m m m m m

Lower legs m m m m m m m

Knees m m m m m m m

Thighs m m m m m m m

Hips m m m m m m m

Upper Body m m m m m m m

How much discomfort did you experience in the following places during the last block of trials?
Adapted from the Improved Musculoskeletal Discomfort Assessment Tool (IMDAT) [37]

Discomfort level:
0 = No Discomfort 2 = Fairly Comfortable 5 = Moderate Discomfort 8 = Very Uncomfortable 10 = Extreme Discomfort
Frequency:
0 = Never 1 = During a small subset of trials 2 = During most of the trials 3 = All the time

Body Part Discomfort Level Frequency
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3

Ankles m m m m m m m m m m m m m m m

Lower legs m m m m m m m m m m m m m m m

Knees m m m m m m m m m m m m m m m

Thighs m m m m m m m m m m m m m m m

Hips m m m m m m m m m m m m m m m

Upper Body m m m m m m m m m m m m m m m

For all discomforts of level 4 or higher, can you describe the discomfort that you experienced?

32



Appendix I: Questionnaire Results

Appendix I: Questionnaire Results
I.1 Realism Scores

The realism of each trial’s fluid rendering was rated via four statements that each result in a score from -3 to 3. The higher each
score is, the more realistic the fluid rendering was perceived to be. By summing these four scores together, as is prescribed in the
haptic experience inventory [35], the total realism score is obtained. This total realism score is therefore a score from -12 to 12,
with -12 the worst possible score and 12 the best possible score. The total scores for each trial of each participant are shown in
table 17.
Table 17: The total realism scores for all trials of all participants. The scores can vary from -12 to 12, where a higher score represents a more

realistic rendering.

Model A – Proportional Resistance model Model B – Aquatic Treadmill Walking model, without buoyancy and
counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Air Kd Water Wd Water Wd Honey Wd Oil
Participant 1 -4 -8 8 3 -4 -8 -4 -5 -8 1
Participant 2 4 0 3 4 4 0 0 4 4 -4
Participant 3 2 6 2 2 4 1 5 3 3 6

Model C – Aquatic Treadmill Walking model, with buoyancy, but
without counterflow

Model D – Aquatic Treadmill Walking model, with buoyancy and
counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Air Kd Water Wd Water Wd Honey Wd Oil
Participant 1 -12 -8 0 -8 -8
Participant 2 0 4 4 -4 4 0 0 -4 -8 4
Participant 3 4 5 0 2 6 8 1 3 4 3

I.2 Identification of the rendered fluids

The guesses each participant made for each trial, as well as their self-reported confidence in their guesses for each model, are
listed in table 18.
Table 18: The guesses made by each participant for the rendered fluid conditions, as well as their self-reported confidence level (conf.) on a
0-4 scale with a higher score meaning a higher level of confidence. Each correct guess is shown in green and each wrong guess in red.

Model A – Proportional Resistance model Model B – Aquatic Treadmill Walking model, without buoyancy and
counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Conf. Air Kd Water Wd Water Wd Honey Wd Oil Conf.
Participant 1 Kd Water Air Wd Water Wd Oil Wd Honey 1 Air Wd Water Kd Water Wd Oil Wd Honey 0
Participant 2 Air Wd Honey Wd Oil Wd Water Kd Water 1 Wd Oil Air Wd Honey Wd Water Kd Water 3
Participant 3 Air Kd Water Wd Honey Wd Oil Wd Water 0 Air Kd Water Wd Oil Wd Water Wd Honey 1

Model C – Aquatic Treadmill Walking model, with buoyancy, but without
counterflow

Model D – Aquatic Treadmill Walking model, with buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Conf. Air Kd Water Wd Water Wd Honey Wd Oil Conf.
Participant 1 Air Wd Water Kd Water Wd Honey Wd Oil 0
Participant 2 Air Kd Water Wd Water Wd Oil Wd Honey 2 Air Kd Water Wd Water Wd Honey Wd Oil 2
Participant 3 Wd Water Wd Oil Air Kd Water Wd Honey 1 Wd Water Air Wd Oil Wd Honey Kd Water 1
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I.3 Perceived Forces

The perceived forces are rated on a 0-10 scale (Borg’s CR10 rating of perceived exertion [36]) for each individual joint (Hips,
knees, and pelvis) after each trial. A rating of 0 means no force perceived, while a rating of 10 is the maximum possible force.
Additionally, the fatigue in those same joints and their associated body segments is rated on a 0-6 scale after each block of 5
trials, with 0 being no fatigue and 6 being heavily fatigued. These results are listed in

Table 19: Perceived force and torque ratings at the knee, hip, and pelvis from each participant for each trial of the experiment. Additionally,
the reported fatigue in those joints after each block of trials is shown. For both, a higher rating reflects stronger forces/fatigue.

Participant 1
Model A – Proportional Resistance model Model B – Aquatic Treadmill Walking model, without buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Fatigue Air Kd Water Wd Water Wd Honey Wd Oil Fatigue
Knee torques 7 3 6 6 7 4 ½ 3 4 2 4 6
Hip torques 4 1 6 6 7 4 ½ 3 3 2 4 6
Pelvis Force ½ 1 4 4 4 0 ½ 2 1 2 1 1

Model C – Aquatic Treadmill Walking model, with buoyancy, but without
counterflow

Model D – Aquatic Treadmill Walking model, with buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Fatigue Air Kd Water Wd Water Wd Honey Wd Oil Fatigue
Knee torques 2 7 7 9 6 6
Hip torques 2 7 7 9 6 4
Pelvis Force 2 9 2 9 9 0

Participant 2
Model A – Proportional Resistance model Model B – Aquatic Treadmill Walking model, without buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Fatigue Air Kd Water Wd Water Wd Honey Wd Oil Fatigue
Knee torques 1 3 2 2 2 1 1 1 3 2 2 2
Hip torques 1 2 2 2 2 1 ½ ½ 2 2 2 2
Pelvis Force 1 2 2 2 2 1 ½ ½ 2 2 2 2

Model C – Aquatic Treadmill Walking model, with buoyancy, but without
counterflow

Model D – Aquatic Treadmill Walking model, with buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Fatigue Air Kd Water Wd Water Wd Honey Wd Oil Fatigue
Knee torques 1 3 3 2 3 2 1 2 3 4 2 2
Hip torques ½ 2 2 1 3 2 ½ 1 3 4 1 2
Pelvis Force ½ 2 2 1 3 2 ½ 1 3 3 1 2

Participant 3
Model A – Proportional Resistance model Model B – Aquatic Treadmill Walking model, without buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Fatigue Air Kd Water Wd Water Wd Honey Wd Oil Fatigue
Knee torques 3 4 5 5 3 3 5 5 6 4 5 4
Hip torques 2 ½ 5 4 3 2 4 2 5 4 5 4
Pelvis Force ½ ½ 1 1 ½ 1 4 2 5 3 4 3

Model C – Aquatic Treadmill Walking model, with buoyancy, but without
counterflow

Model D – Aquatic Treadmill Walking model, with buoyancy and counterflow

Fluid Condition Air Kd Water Wd Water Wd Honey Wd Oil Fatigue Air Kd Water Wd Water Wd Honey Wd Oil Fatigue
Knee torques 2 5 1 2 5 1 2 ½ 3 6 2 1
Hip torques 2 4 1 ½ 5 2 3 0 ½ 5 2 1
Pelvis Force ½ ½ 0 0 ½ 0 3 0 0 4 2 0
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