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Abstract—This paper describes an improved control system for the Treadport immersive locomotion interface, with results that

generalize to any treadmill that utilizes an actuated tether to enable self-selected walking speed. A new belt controller is implemented to

regulate the user’s position; when combined with the user’s own volition, this controller also enables the user to naturally self-select

their walking speed as they would when walking over ground. A new kinesthetic-force-feedback controller is designed for the tether that

applies forces to the user’s torso. This new controller is derived based on maintaining the user’s sense of balance during belt

acceleration, rather than by rendering an inertial force as was done in our prior work. Based on the results of a human-subjects study,

the improvements in both controllers significantly contribute to an improved perception of realistic walking on the Treadport. The

improved control system uses intuitive dynamic-system and anatomical parameters and requires no ad hoc gain tuning. The control

system simply requires three measurements to be made for a given user: the user’s mass, the user’s height, and the height of the tether

attachment point on the user’s torso.

Index Terms—Immersive environment, haptic interface, locomotion interface, treadmill, tether, control
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1 INTRODUCTION

TREADMILLS are commonly used in locomotion interfaces
to enable users to walk through virtual environments,

and are widely used in physical exercise and gait rehabilita-
tion [1], [2], [3]. Although treadmill speed has traditionally
been set by manual control, the trend is for self-selected
speed adaptation by measurement of user position or some
other form of user intent. This provides for the belt speed to
be instantaneously set by a user, leading to a more natural
locomotion experience. The task for the treadmill controller
is to achieve accurate and stable belt motion, whether the
user is walking or running, going forward or backward, or
starting or stopping.

We have been developing one particular locomotion
interface, the Treadport (Fig. 1), whose key features
include the following: (1) a large belt (1:8� 3 meters); (2) a
six-axis mechanical tether attached to the back of a user
wearing a harness, which is used to measure body posi-
tion and orientation, to control belt speed, and to apply
horizontal kinesthetic force feedback to the user [4]; and
(3) a six-degree-of-freedom mechanism-based harness with
a telescoping spine to accommodate the complex motion
of the user’s back without slipping, and with the ability to
change the point of force application of the mechanical
tether to the user [5]. There is a safety dead-man switch

held by the user throughout locomotion on the Treadport,
and if the user wants to stop the system for any reason, it
can be done by simply releasing the switch. The controller
of the Treadport is implemented in dSPACE1103. Other
characteristics of the Treadport that are not utilized in the
present study include: programmable vertical weight sup-
port; a CAVE-like [6] visual display; the ability to turn in
the virtual environment [7]; and a wind display system [8].

A key difference between the Treadport and most other
treadmill-style locomotion interfaces is the presence of the
mechanical tether, which can generate forces on a user via a
harness [9]. The kinematics of the mechanical tether (see
Fig. 1) include a two-axis rotary joint at the base (sensed
with potentiometers, but not actuated), a prismatic joint
(sensed with an optical encoder, and actuated with a
brushed DC motor), and a three-axis rotary joint at the
attachment point with the user’s harness (sensed with
potentiometers, but not actuated). Without a mechanical
tether, it is not possible for treadmill locomotion to be ener-
getically realistic when the user’s body remains nearly sta-
tionary with respect to the ground, since inertial forces due
to body acceleration are missing. Previously, Christensen
et al. presented a tether controller that implemented direct
inertial force feedback [9]. With recent application of the
Treadport to rehabilitation of patients with spinal-cord
injury [10], limitations of this controller became apparent
due to the fragile walking conditions of these patients. It
was felt too difficult to start walking by pulling against the
tether, stopping was sometimes unnatural due to the
improper recentering controller, and the apparent inertia
felt too large.

To address the issues described above, in this paper we
present a new kinesthetic-force-feedback controller based
on maintaining the user’s sense of balance as the belt moves
under their feet, regardless of the underlying belt control
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system. We revisit the Treadport’s belt controller by imple-
menting a previously published controller from a non-
tether treadmill system and determining the dynamic
properties of that controller that result in the best sense of
realism within the Treadport. We also present an adaptive
dead-zone algorithm that enables users to stand still on the
belt when desired without fear of the belt moving uninten-
tionally. A stability analysis is conducted to ensure the sta-
bility of closed-loop system with a user with their own
volition in the loop. In human-subject experiments, our
new Treadport control system achieves a sense of stable
and smooth acceleration and deceleration when moving
forward or backward, stopping slowly or quickly, and
when standing (and swaying) comfortably without causing
involuntary motion of the belt. We demonstrate with statis-
tical significance how users’ perception of realistic walking
is enhanced by using our new controller: the kinesthetic-
force-feedback controller is compared to the previous con-
troller, and the most-preferred dynamic properties of the
belt-speed controller are determined in a separate experi-
ment. Although experiments are conducted with the
unique Treadport locomotion interface, the results in this
paper will generalize to any locomotion device with self-
selected speed and a tether capable of applying horizontal
forces to the user.

Several methods have been used previously to estimate
and generate a user’s self-selected walking speed on a tread-
mill belt. In [9], the desired velocity of the treadmill belt was
derived from a proportional-integral (PI) controller. A simi-
lar PID approach is taken in [11]. The PI and PID gains were
chosen through an ad hoc procedure and remained constant
for all users. More recently, [12] proposed a second-order
dynamic observer to estimate the desired belt velocity. A
different approach is taken in [13], in which a rigid bar with
a force sensor is attached to the user, and user force against
the bar is used to generate belt speed through an admittance
controller. Gait parameters such as ground reaction forces
[14], [15], [16] and foot-swing velocity [17] can be used to
update the treadmill speed.

The major challenge for treadmill-style locomotion inter-
faces for simulating overground walking is dealing with the
acceleration of the belt, which affects a user’s stability since

it exerts forces on the user that would not be felt during
overground walking. Recently, Souman et al. [12] used a
position controller combined with a dynamic observer for
estimating voluntary walking speed on a 6-meter-long
treadmill. A goal of their research is to present realistic ves-
tibular stimulation during acceleration, and consequently
their treadmill belt is long in order to allow real acceleration
before reaching the front of the belt. If their controller is
applied to smaller treadmills, a user would feel undesired
large inertial forces [18]. Most recently, Kim et al. [18] pro-
posed an estimation limiter to attenuate the unwanted iner-
tial forces due to acceleration/deceleration of the treadmill
belt. Of course, it is not possible to completely eliminate
these unwanted forces with any belt of finite length.

Energy expenditure on treadmill devices is another
important consideration. Frishberg et al. [19] showed that
sprinting on a treadmill requires significantly less energy
than sprinting on the ground. Lee et al. [20] found that
global patterns including kinematics and kinetics are similar
between overground and treadmill locomotion, however
the energy cost, regardless of the method used to compute
it, is significantly different. Cr�etula et al. [21] showed that
for computing mechanical work during treadmill locomo-
tion and comparing it with overground, variations in belt
speed must be taken into account. Acceleration/decelera-
tion of a treadmill belt due to speed adaptation requires less
energy expenditure, which can be compensated using kin-
esthetic force feedback.

2 CONTROL ALGORITHM

The objectives of the Treadport’s controller design are to
achieve the user’s intended self-selected walking speed
while mitigating the obtrusive and unnatural effects of belt
acceleration on the user, to create a natural walking experi-
ence similar to overground locomotion. To fulfill these
objectives, two separate controllers have been implemented
to work together with the human user as a complete closed-
loop system: (1) A recentering controller regulates the user’s
position to some reference position on the belt (typically
near the center), which ultimately provides an instanta-
neous desired belt velocity command to a low-level belt-
speed controller (the low-level belt-speed controller, as well
as an adaptive dead zone to improve system behavior when
the user is attempting to stand still, are included as supple-
mental material). (2) A kinesthetic force-feedback controller
exerts a horizontal force on the user’s torso via a mechanical
tether in order to create a stable and energetically realistic
walking experience. In this section, we describe our recen-
tering controller and our kinesthetic force-feedback control-
ler. We then analyze the stability of the combined system,
with a human user in the loop.

2.1 Recentering Controller

The principle of self-selected speed, in its most basic form, is
quite simple: a user walking on the belt should be kept near
some reference position (typically near the center of the
belt), and if the user advances beyond the reference position
it indicates that the user’s intent is to increase walking
speed, so the belt speed is increased until the user is brought
back to the reference position with a new equilibrium

Fig. 1. Treadport locomotion interface. For clarity, the system is shown
before the addition of the wind-display system.
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walking speed, with deceleration handled analogously. Any
scheme that accomplishes this goal could be a valid self-
selected speed controller. It is also necessary on any tread-
mill belt of finite length that some controller exists to pro-
hibit the user from walking off the edge of the belt. In
practice, a well-designed recentering controller also serves
as a self-selected speed controller once a human user, with
the ability to establish their own self-selected gait pattern, is
included in the closed-loop system.

Because human users have their own volition, a user
may choose to stop walking by planting their feet instan-
taneously at any moment, and in that moment the recen-
tering controller must act to bring the now-riding user to
a stop quickly and safely. This is an additional factor
that should be considered when designing the recenter-
ing controller.

We implement a simple PD controller for recentering that
uses the position error between the user and the reference
position to set the desired belt acceleration:

abd ¼ Kxðxref � xpÞ �Kvvp; (1)

where xp is the person’s position, vp is the person’s velocity,
and xref is the reference position, all in the inertial frame
(Fig. 2); abd is the desired belt acceleration; Kx and Kv are
proportional and derivative gains, respectively. Note that
xref is static, so its derivative is always zero. We see that the
belt tends to be accelerated backward from the user’s point
of view whenever they are either in front of the reference
position (i.e., too close to the front of the belt) or moving for-
ward in the inertial reference frame (i.e., getting closer to the
front of the belt), with an analogous and opposite behavior
when accelerating the belt forward.

In the Treadport, the position xp and velocity vp are mea-
sured by a mechanical tether attached to the user, via the
system’s forward kinematics. The resulting desired acceler-
ation abd is then numerically integrated to derive the instan-
taneous desired belt velocity vbd, which is then given to the
low-level belt-speed controller. Equation (1) is mathemati-
cally similar to the “second-order controller” in [12]. The
belt velocity vb can be expressed in terms of the user’s speed
relative to the belt, vp=b, and their speed relative to the iner-

tial frame vp:

vp=b ¼ vp � vb $ vb ¼ vp � vp=b: (2)

The user perceives vp=b as their instantaneous walking
speed. Assuming that the dynamics of the low-level belt-
speed controller are of sufficiently high bandwidth relative
to the dynamics of the recentering controller (the bandwidth
of our belt-speed controller is an order of magnitude faster
than the recentering controllers considered), we can drop
the “desired” subscript “d” in the desired speed vbd and
acceleration abd for a simplified analysis. Substituting (2)
into (1), the Laplace transform yields:

sðvp=b � vpÞ ¼ Kxðxp � xrefÞ þKvvp (3)

leading to the transfer function for the user’s position:

xp ¼ Kx

s2 þKvsþKx

� �
xref þ s

s2 þKvsþKx

� �
vp=b: (4)

We observe that the position of the person on the belt is a
function of two independent variables: xref and vp=b. We see
that with vp=b ¼ 0, which occurs when the user plants their

feet and rides the belt, the person will eventually be brought
to xref with no steady-state error, with dynamics given by a
simple second-order system response. If we consider a step-
input in vp=b, corresponding to the person walking at some

new self-selected speed, what we will observe is an impulse
response of a simple second-order system, which has no
steady-state component. Thus, the desired recentering and
self-selected-speed components are both achieved.

We can express the characteristic equation of the result-
ing system in terms of the standard form of a second-order
system with damping ratio z and natural frequency vvn as its

parameters: s2 þ 2zvvnsþ vnvn
2.

Such a representation makes the parameter study more
intuitive and facilitates a systematic procedure for choosing
gains, rather than choosing them on an ad hoc basis. Since z

and vvn are positive values, provided our original gains are
both positive values, one can easily verify the stability of the
system. Both z and vvn influence the transient response of
the controller, which in turn significantly affects the percep-
tion of realistic walking on a locomotion interface.

To investigate the effect of parameters on walking with
self-selected speed, we simulated the behavior of a user on
the belt starting at rest and then changing the self-selected
speed to vp=b ¼ 1 m/s, and then coming to a stop after a few
seconds. In Fig. 3 we see the different behaviors of xp due to
changes in the value of z, while vvn is held constant. For
z < 1 (underdamped), the user’s position has an oscillatory
transient response. Such a behavior is not desirable since it

Fig. 2. A user on the Treadport. The user’s position xp at the tether
attachment point and the reference position xref are measured with
respect to the same arbitrary inertial reference frame. The belt’s velocity
vb and acceleration ab are defined as positive in the forward direction.

Fig. 3. The effect of different values of z while vvn ¼ 1 rad/s on a user’s
position xp during walking. Starting from rest, vp=b ¼ 1 m/s for the first
10 sec, and then vp=b ¼ 0m/s.
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can disturb the user’s sense of balance; we find that it is
disconcerting to be brought backward on the belt, come to a
complete stop relative to the inertial frame, and then be
brought forward again. We initially hypothesized that a
critically damped system z ¼ 1would be the most desirable,
in that it would eliminate any oscillation, but would still
result in a fast system. However, we find that a higher
damping ratio actually results in a more-desirable response,
since the user is not allowed to move forward as much on
the belt before being recentered.

An additional benefit of adding more damping to the
system is to increase stability robustness. The phase margin
of the system is related to the damping ratio [22], with phase
margin being quite sensitive to z in the approximate range
0 < z � 1:2, and with diminishing returns on phase margin
for further increases in z. In our pilot tests, we found that
increasing z > 1:5 did not lead to noticeable differences in
the controller; this can also be observed in Fig. 3 by compar-
ing the responses with z ¼ 1:5 with z ¼ 2, which are very
similar. We also note that these system properties were
observed regardless of the value of vvn used (although that
would affect the settling time). From the above considera-
tions, we conclude that a damping ratio value of z ¼ 1:5 is a
desirable value in terms of system response and stability
robustness, and we will use this value throughout the
remainder of the experiments.

We can now investigate the effect of vvn on the response
of the system. Having selected a constant z ¼ 1:5, rather
than using vvn, we can use a more intuitive parameter: an
effective time-constant tt. For an overdamped system, the
dominant (i.e., slowest) pole is located at

rdom ¼ �zvvn þ vvn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 � 1

p
(5)

and the effective time-constant is calculated as

tt ¼ � 1

rdom
: (6)

Given any desired combination of damping ratio and time-
constant, we can compute the required natural frequency:

vvn ¼ 1

ttðz �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 � 1

p
Þ
: (7)

Finally, we set our gains asKx ¼ vv2
n andKv ¼ 2zvvn.

The choice of tt has a significant impact on the behavior of
xp, as shown in Fig. 4, and on the user’s perception of realis-
tic walking. If tt is chosen too small, then the controller

returns the user to xref quickly, and in pilot testing we
observed that this can result in the belt feeling too respon-
sive, almost as if it moves before the user was expecting it to
move. If tt is selected too large, then a larger deviation in the
user’s position from xref is tolerated by the controller, which
can result in the user walking nearer to the edge of the belt
(and closer to the screens) before being drawn back to the
center, which can be disconcerting. The value of tt is limited
on the low end by the belt motor’s capabilities, and on the
high end by the allowable traveling distance from xref based
on the length of the belt and other similar constraints.

2.2 Kinesthetic Force Feedback

When walking overground, a person must put in mechani-
cal work to accelerate their body, equal to the change in
kinetic energy of the person’s mass, and this work is ulti-
mately done by the person’s feet applying forces to the
ground. When walking through a virtual world on a tread-
mill, it is possible to accelerate through the virtual world by
simply increasing the belt speed, without the user putting
in the same amount of work that would be required over-
ground; this can negatively impact on the user’s sense of
balance, and can lead to a locomotion interface that feels
unstable (similar to walking on ice). The Treadport utilizes
a mechanical tether to apply a force ft to the user’s torso, as
shown in Fig. 5, and this kinesthetic force feedback can be
used to increase the user’s sense of balance and stability,
and to make the work done by the user to accelerate in the
virtual world similar to overground walking.

In prior work with the Treadport [9], the kinesthetic force
feedback was set as inertial force feedback:

ft ¼ �mab; (8)

where m is the mass of the user. The rationale behind
inertial force feedback is that if a person were accelerating
overground with some acceleration a, it would require
the person to generate a net forward force equal to ma to
cause that acceleration, so the kinesthetic force feedback
in the Treadport should demand such a force from the
user. This inertial force feedback results in a reasonably
good walking experience for the user, but often with a
sense that the effective inertia of the user in the virtual
environment seems slightly too high, such that starting
from rest and coming to rest both seem slightly too diffi-
cult. An ad hoc tuning parameter to attenuate the force

Fig. 4. The effect of different values of t while z ¼ 1:5 on a user’s position
xp during walking. Starting from rest, vp=b ¼ 1m/s for the first 10 sec, and
then vp=b ¼ 0m/s.

Fig. 5. The tether force is defined as positive when pulling back on the
user (in tension). The foot force is defined as positive when the belt is
pushing forward on the user’s foot (in compression). The tether attach-
ment point is not assumed to be at the user’s center of mass in general.
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often results in a more desirable experience for users, and
it was hypothesized that this parameter was necessary
due to inaccurately modeling the user as a point mass
concentrated at the harness contact point rather than con-
sidering the whole body [9].

In this section we reconsider the kinesthetic force feed-
back of the tether, in an attempt to provide a more realistic
walking experience. Rather than considering a person walk-
ing on a treadmill belt, we instead consider a person stand-
ing on a stationary belt, and imagine that the belt is
accelerating forward without the user’s knowledge. This
would feel like the ground was being pulled out from under
the user’s feet; the inertia of the user’s body would not allow
the body to accelerate with the feet (we assume no slip
between the feet and the belt, due to friction), resulting in
an angular rotation of the body in the sagittal plane and a
negative impact on the user’s balance. However, it is easy to
imagine in this scenario that there exists a tether force
(pushing forward in this case) that would prevent the user’s
body rotation and thus prevent the loss of balance (similar
to the role played by the handrail on an escalator or moving
walkway). Our new balance-based force feedback provides
such a force.

To calculate the correct tether force ft for balance-based
force feedback, we consider the user on the Treadport as
illustrated in Fig. 5. We assume the user to be a rigid body
in contact with the ground at some pivot point with a no-
slip condition, with a body center of mass at a height hm,
and with a tether applying a force at a height ht. There is a
force ff that the belt applies to the user’s foot (defined posi-
tive in the forward direction), but which is unknown to us.
Our goal is to set ft such that the user’s center of mass
moves forward with the same acceleration as the belt, due
to the two applied forces:

ff � ft ¼ mab: (9)

We would also like the the resulting moments of the two
applied forces to result in no rotation of the user’s body
about the center of mass in the sagittal plane:

ffhm þ ftðht � hmÞ ¼ 0: (10)

By combining (9) and (10) to eliminate the unknown force
ff , we solve for the correct tether force:

ft ¼ �hm

ht
mab: (11)

The value of ht can be easily measured for a given user after
the user dons the harness. The value of hm is not trivial to
measure, but it can be approximated with good accuracy
given only a measurement of a user’s height H as
hm ¼ 0:58H [23].

This balance-based force feedback is similar to the pre-
vious inertial force feedback in that it is proportional to the
user’s mass and the belt’s acceleration, but typically
smaller due to the coefficient hm=ht, which is typically less
than 1. This result explains the need for the previous ad hoc
tuning parameter to attenuate the inertial force feedback.
Although the new balance-based force feedback was
derived using a thought experiment that involved a stand-
ing user, we will show later in this paper that this new
method is preferred by users over the previous inertial
force feedback when walking on the Treadport under a
variety of conditions.

Note that the value of ft in (11) is the correct value to
apply for a given belt acceleration ab, regardless of how that
value was selected or achieved; in this way, the kinesthetic-
force-feedback controller is truly independent of the belt
controller. However, the stability of the complete system,
including the user and the various distributed Treadport
controllers, must still be considered.

2.3 Stability Analysis

The most commonly used model for human running is

vp ¼ vdesð1� e
�t=tt
int Þ; (12)

where vp is a person’s speed overground, vdes is their
desired speed, and ttint is the person’s inherent time con-
stant [24]. We make the assumption that this common run-
ning model is a reasonable approximation for walking and
running on the Treadport. As illustrated in Fig. 6, this
observed behavior can be predicted by modeling a person
as a mass m that controls their speed using a proportional
feedback controller on velocity. The relationship between
the person’s internal “gain” Kint and the resulting time con-
stant ttint is

ttint ¼ m

Kint
: (13)

In this simple walking model, the ground applies ff to the
person’s foot, which is a reaction force to the propulsive
force applied by the person to the ground, to accelerate
them with ap.

Walking on the Treadport is similar to overground walk-
ing, with two major differences. First, the net force causing
the person’s acceleration ap in the inertial frame is obtained
by considering both the force ff from the belt to the person’s
foot and the force ft applied by the tether. Second, the per-
son compares their desired walking speed vdes with their
speed relative to the belt’s speed vp=b.

The resulting closed-loop system comprising a user in
the Treadport is depicted in Fig. 7; we have included all
of the elements that affect the systems dynamics, includ-
ing the low-level belt-speed controller and the differenti-
ation filter used. To analyze the stability of the system,
we convert the equations into the Laplace domain. To be
concise, we use cc ¼ hm=ht in the subsequent equations.
Note that cc ¼ 1 when the tether applies its force directly
at the user’s center of mass, and in the Treadport cc < 1
typically.

The belt speed VbðsÞ can be expressed as a function of the
two exogenous inputs as

Fig. 6. Simple human walking model.
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VbðsÞ ¼ vvbsKxsðmsþKintÞðsþ vvafÞ
DðsÞ

� �
XrefðsÞ

� vvbsKintðKvsþKxÞðsþ vvafÞ
DðsÞ

� �
VdesðsÞ; (14)

where DðsÞ is the system’s characteristic equation:

DðsÞ ¼ ms5 þ ðKint þ vvafmþ vvbsmÞs4

þ ðKintðvvaf þ vvbsÞ þ vvbsvvafmÞs3

þ vvbsðKintðKv þ vvafÞ þ vvafmccÞs2

þ vvbsðKintðKx þ vvafKvÞ þKxvvafmccÞs
þ vvbsvvafKintKx; (15)

where vvaf is the acceleration-differentiator’s filter corner fre-
quency, and vvbs is the bandwidth of the low-level belt-
speed controller (see supplemental material). Equation (14)
indicates that if a user wants to walk with Vdes, the belt
speed asymptotically approaches Vdes, but in the opposite
direction as expected (Vb ! �Vdes), provided the system is
stable.

Something that is not immediately evident from (15)
is that the user’s mass cancels out of the characteristic
equation, once the recentering-controller gains are set as
described.

To investigate the stability of the system, we first numeri-
cally explored the range of specific values being proposed
for the Treadport: vvaf ¼ 16 rad/s, vvbs ¼ 9 rad/s, z ¼ 1:5,
ttint 2 ½0:85-1:29� (based on [24]), tt 2 ½0:7-1:9� (time-constants
used in the study), and cc 2 ½0:87-0:92� (the range of values
measured with our human subjects in this study); we found
that all combinations of values are stable. Next, we con-
ducted a sensitivity analysis by fixing all variables but one
at their nominal values (using cc ¼ 0:9, tt ¼ 1:26 s, and
ttint ¼ 1 as nominal) and then varying the remaining param-
eter from zero to infinity, using root-locus techniques, and
examined the effect on stability. We found the stability
ranges of the mentioned parameters to be as follows:
vvaf � 3 rad/s, vvbs � 2 rad/s, 1 � z � 2:3, ttint > 0, tt � 0:46,
and 0:1 � cc � 3:9. All of the values used in this study safely
fall in the stability ranges of these parameters. It is observed
that if no force feedback were to be used (i.e., cc ¼ 0) with
all other parameters held constant, the system would
become unstable. This observation implies that if no force

feedback is used during locomotion on the Treadport, the
stability of the system should be ensured by changing other
parameters prior to any experiment.

3 EXPERIMENT DESIGN AND METHODS

The purpose of the new controller is to enhance the realism
of walking on the Treadport in several ways: the belt’s
response to a user’s motion should be such that it does not
harm their perception of realistic walking; a user should be
able to start walking and come to a stop without feeling
excessive pulling/pushing forces; a user should be able to
maintain any reasonable self-selected walking speed similar
to overground locomotion; and a user should be able to
smoothly transition between forward and backward walk-
ing without any modification to the controller.

In order to evaluate our proposed changes to the Tread-
port controller in light of the desired characteristics
described above, we conducted three separate human-
subjects experiments. The purpose of the experiments were
threefold: First, to find the most preferred value for the
recentering-controller time constant tt (which we will denote
by ttp). We conducted an experiment to test the hypothesis
that the controller’s time constant influences users’ percep-
tion of realistic walking, and that there exists a most-
preferred time constant. Second, to compare the proposed
balance-based force feedback with the previous inertial
force feedback. We conducted a second experiment to test
the hypothesis that the proposed method leads to more real-
istic walking than the previous method. Third, to quantita-
tively evaluate the ability of subjects to attain any self-
selected walking speed and maintain it. We conducted a
final experiment to test the hypothesis that subjects would
be able to attain and maintain four distinct self-selected
speeds denoted qualitatively as “normal” walking, “fast”
walking, “jogging,” and “backward” walking.

Our goal is to determine the most preferred recentering-
controller time-constant and kinesthetic-force-feedback
method independently of one another. However, both con-
trollers must be active for the Treadport to function prop-
erly, so it is impossible to completely isolate the effects of
the two controllers. Pilot testing provided strong evidence
that our new kinesthetic-force-feedback controller was sig-
nificantly superior to the previous controller, whereas pilot
testing for the recentering-controller was not as conclusive.

Fig. 7. Block diagram of a user in the Treadport. The user’s desired velocity Vdes is set internally by their own volition. The reference positionXref is set
in the control software and is typically constant.

HEJRATI ET AL.: KINESTHETIC FORCE FEEDBACK AND BELT CONTROL FOR THE TREADPORT LOCOMOTION INTERFACE 181



Therefore, we structured our experiments as follows. First,
we conducted our recentering-controller experiment while
always using our new kinesthetic-force-feedback controller
(which we hypothesize is superior). Then, after finding the
preferred recentering-controller, we conducted our kines-
thetic-force-feedback experiment to verify that our original
hypothesis was correct, and that the new controller was
indeed superior to the previous controller.

We chose twenty healthy subjects with a range of height
(1:76� 0:07 m) and weight (78:87� 13:59 kg). Subjects’ ages
ranged from 19 to 32 years. Subjects were na€ıve with respect
to the experiment. The inclusion criterion was that a partici-
pant could fit well in the harness such that mechanical cou-
pling between the participant and the attached tether was
maximized. Subjects were provided with written instruc-
tions explaining the experiment.

3.1 Recentering-Controller Time-Constant

In pilot testing we determined two extreme values for tt.
Enforcing a maximum value of tt prevents a user from get-
ting too close to the Treadport’s front edge; this value is set
at tt ¼ 1:9 s. Enforcing a minimum value of tt prevents com-
manding belt motions that are too large to actually be
achieved by the Treadport hardware; this value is set at
tt ¼ 0:7 s. The full range was then divided into three equal
regions by considering four values of tt: ttA ¼ 0:7 s,
ttB ¼ 1:1 s, ttC ¼ 1:5 s, and ttD ¼ 1:9 s.

We designed the experiment based on the two-
alternative-forced-choice (2-AFC) method, which is widely
used in sensory tests [25]. Within a given trial, subjects were
forced to choose between two different conditions, each cor-
responding to a different tt value unknown to them. Within
a given trial, subjects were asked to start walking from rest
and then stop walking, and to repeat this process as many
times as possible within the time provided. There were no
instructions about what their speed should be. They were
then asked to simply choose the condition that they pre-
ferred. There were no instructions given as to how the sub-
jects should make their determination of preference. We
used computerized auditory cues through a speaker to
inform subjects about: the trial’s number; the beginning and
the end of each trial; and the condition’s number (i.e., “first”
or “second”). After completion of each trial, subjects were
prompted to select their preferred condition by saying
either “first” or “second.”

For the first part of the experiment, there were six possi-
ble combinations for all tt pairs to present to the subjects
using the 2-AFC method: {(ttA,ttB), (ttA,ttC), (ttA,ttD), (ttB,ttC),
(ttB,ttD), (ttC ,ttD)}. We presented each pair twice to improve
the power of the experiment, resulting in 12 total trials per
subject. The order of these twelve trials was fully random-
ized, as was the ordering of the two tt values presented
within a given trial. Fig. 8 shows the timing of the

experiment within and between trials. Before starting the
experiment, subjects had a one-minute period for familiari-
zation with the Treadport.

From the results of the first part of the experiment, we
chose the two most preferred tt values (i.e., the two values
selected most often). In the event that three tt values were
selected equally, we planned to perform an additional six
trials (three combinations with two repetitions) to narrow
the selection down to the two most preferred values, but
this eventuality never occurred in our experiment.

In a second part of the experiment, immediately follow-
ing the first part, we presented the subject with their two
most preferred tt values in six repeated trials, with the order
of the conditions within each trial fully randomized. We
again used the timing shown in Fig. 8. Again, the subjects
were asked to state their preference. A value of six trials
was chosen because, when using the 2-AFC method, six is
the minimum number required such that if the subject choo-
ses the same condition for all trials we can say with
95 percent certainty that they prefer that condition. At the
end of the experiment, we asked the subjects to fill out a
questionnaire comprising a single question: “When select-
ing the condition that you preferred in a trial, what was
your preference based on?”

We utilized the convex combination of the results to esti-
mate the preferred time-constant ttp for each subject, where
the weighting coefficients were the fraction of the times that
each of the two tt values were selected in the second part of
the experiment. For example, if ttB was chosen four out of six
trials, and ttC was chosen two out of six trials, then ttp would
be calculated as ttp ¼ ð4=6ÞttB þ ð2=6ÞttC . This method essen-
tially performs an interpolation between tested values, with
the assumption that there exists an underlying continuous
preference functionwith a local maximumvalue.

3.2 Kinesthetic-Force-Feedback Method

This experiment was carried out after completion of the
experiment of Section 3.1, on a different day. Participants
were presented with the two different force-feedback meth-
ods through 12 trials, again using the 2-AFC method, with
the order of the conditions randomized within trials. The
instructions provided to the subjects were identical to those
of the experiment of Section 3.1, and the timing within and
between trials is again depicted in Fig. 8. With 12 trials, a
given subject must choose a condition at least 10 times out
of 12 in order to say that the subject prefers the condition
with 95 percent confidence. In this entire experiment, the
time-constant of the recentering controller was set at the
mean value of ttp across all twenty subjects, obtained as
described in Sections 3.1.

3.3 Ability to Walk at Self-Selected Speeds

The final experiment was conducted immediately following
the experiment of Section 3.2. We asked the subjects to walk
with various speeds and to maintain their speed for a given
period of time. Four qualitative walking speeds were used:
“normal” walking, “fast” walking, “jogging,” and
“backward” walking. The subjects were not provided with
any quantitative definition of these terms, and were asked
to self-select the speed that best represented the qualitative

Fig. 8. The timing used within and between trials in the two-
alternative-forced-choice experiments.

182 IEEE TRANSACTIONS ON HAPTICS, VOL. 8, NO. 2, APRIL-JUNE 2015



terms. For normal walking, we instructed the subjects to
walk at their preferred speed as if they were walking down
a hallway. For fast walking, we instructed the subjects to
imagine that they were walking down a hallway in a hurry,
but to not run. Subjects did not receive any explicit guidance
for jogging or backward walking.

For a given subject, the order of the four walking speeds
was randomized. The subject was given a verbal instruction
of which walking speed they would be attempting, with the
instruction to walk at that speed, starting from rest, until they
were informed of the end of the trial, at which point they
should come to a stop. Before each trial, the subject spent 20 s
to practice their assigned walking speed. We then used com-
puterized auditory cues through a speaker to inform subjects
about the beginning and the end of each trial. Each trial lasted
for 20 s. We continuously recorded the belt’s speed during
the trials. The wait time between trials was approximately
20 s, but varied from trial to trial and between subjects.

To quantify the ability to maintain a given speed, we con-
sider the standard deviation s and mean m of the belt’s
speed for the final 15 s of data (thus removing the transient
effects observed in the first 5 s of data). We use the coeffi-
cient of variance in speed when attempting to walk at a con-
stant speed as the quantitative measure for evaluating the
Treadport’s performance:

Cv ¼ s

m
: (16)

The importance of minimizing variance in self-selected
speed has been considered previously [13], [26]. The lower
the Cv, the easier it is to maintain a constant speed.

4 EXPERIMENT RESULTS

4.1 Recentering-Controller Time-Constant

Throughout the twelve trials in the first part of the experi-
ment, the number of times that a given tt could be preferred
could vary from zero (i.e., never preferred) to six (i.e.,
always preferred). Fig. 9 depicts that in the first part of the
experiment, subjects chose the conditions corresponding to
tt ¼ 1:1 s and tt ¼ 1:5 s most often as their preference. Since
our results were non-parametric, we used Friedman’s test
and Dunn-Sidak post hoc analysis for multiple comparison
[27]. We find a statistically significant difference between
either of the two most-preferred time constants and either
of the two least-preferred time-constants, but we do not
find a statistically significant difference between the two
most-preferred time-constants.

The second part of the experiment used the two most-
preferred time-constants for each individual subject to
determine a more accurate value of the preferred ttp for that
subject. The results of the second part of the experiment are
presented in Fig. 10. The mean preferred time-constant
across all subjects, with a 95 percent confidence interval, is
ttp ¼ 1:26� 0:09 s. 16 out of 20 subjects had an individual
ttp in the range 1.1-1.5 s, which is sufficient to say with
95 percent confidence that the entire population as a whole
will prefer a tt in this range. In looking at Fig. 4, we believe
this is a nonobvious result.

We also investigated the effect of subjects’ height,
weight, self-selected speed, and the tether attachment point
encoded by cc (which is correlated with height) on their
preferred time-constant. Statistical analysis using linear
regression revealed no statistically significant effect of any
of these four parameters on the preferred time-constant. It
can be inferred that despite their different heights and
weights, the subjects had a similar walking preference on
the Treadport, and variance between subjects is likely due
to personal preference as opposed to a quantifiable ana-
tomical characteristic.

Based on the results of this experiment, we conclude that
it is reasonable to use a time-constant of tt ¼ 1:26 s for all
users in the future, and no additional user-specific measure-
ments (i.e., height or weight) can be used to improve the
value of tt. Any additional user-specific improvements to
tt would essentially require this experiment to be recreated
on a user-by-user basis. Fortunately, we see in Fig. 10 that
the variance between users is relatively small, and most
users will be satisfied with tt ¼ 1:26 s.

To see how the subjects perceived the effect of differ-
ent tt’s, we used a questionnaire at the end of the experi-
ment. Their responses to our question about what their
preference was based on revealed that subjects typically
determined one condition to be inferior to the other con-
dition, and then voted against that condition (as opposed
to voting for the other). Comments typically took one of
three forms: (1) Sometimes the belt was too responsive
and started moving sooner or faster than I expected.
(2) Sometimes the belt was too sluggish and it seemed to
take too much effort to accelerate or decelerate. (3) Some-
times the belt seemed to keep moving for too long after I
tried to stop walking. From our own experience in pilot
testing, we know that the first response is due to tt being
too small, and the second and third responses are due to
tt being too large.

Fig. 9. Preference mean with 95 percent confidence interval for each
belt-controller time-constant across 20 subjects.

Fig. 10. Subjects’ individual preferred belt-controller time-constants
ttp are given with circles. The mean preferred time-constant across
subjects is at ttp ¼ 1:26 s, and the 95 percent confidence interval is
shown as a bar.
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4.2 Kinesthetic-Force-Feedback Method

We compared the previous inertial-force-feedback method
to the new balance-based-force-feedback method using the
2-AFC method. Fig. 11 indicates that the new method is sig-
nificantly preferred across the 20 subjects (and thus the pop-
ulation). A binomial distribution is the appropriate way to
analyze statistical significance of 2-AFC tests [28], and it
enables us to analyze each subject’s preference individually.

To state with 95 percent certainty that the new method is
preferred over the previous method, we need to show that
there is less than a 5 percent chance that random guessing
could have led to the number of preferences of the new
method. The probability of choosing the new method in a
trial merely by guessing is p ¼ 0:5 (there are only two
choices). For the n trials of any given subject, the null
hypothesis is that the two methods are identical, which
means the chance of choosing the newmethod out of n trials
is equal to the chance of choosing the previous method. The
alternative hypothesis is that the new method performs dif-
ferently than the previous method, so that the difference
observed in the preferences was not obtained by guessing.
We need to choose the new method in at least T trials out of
n trials in order to conclude that the new method is selected
significantly more often than it would be by chance. The
probability of choosing the new method at least T times out
of n just by chance (denoted by P ðX � T Þ) should be less
than a (a ¼ 0:05 for 95 percent confidence). Thus:

P ðX � T Þ ¼ ð1� P ðX � T � 1ÞÞ � a; (17)

where the cumulative distribution function of a binomial
distribution can be expressed as:

P ðX � T � 1Þ ¼
XT�1

i¼0

n

i

� �
pið1� pÞn�i: (18)

With p ¼ 0:5, a ¼ 0:05, and n ¼ 12 (i.e., 12 trials for a
given subject), we calculate T ¼ 10, meaning that the new
method must be preferred in at least 10 out of 12 trials to be
95 percent confident in the preference. Fifteen subjects chose
the new method in at least 10 out of 12 trials. One subject
chose the new method with 90 percent confidence, and
three subjects did not have any significant preference. Only
one subject preferred the previous method with 95 percent
confidence. The fact that 15 out of 20 subjects preferred the
new method with 95 percent confidence is sufficient for us
to also conclude that the population will prefer the new
method with 95 percent confidence. That is, if we consider
p ¼ 0:5, a ¼ 0:05, and n ¼ 20 (i.e., the total number of

subjects), we calculate that T ¼ 15. This confirms the results
shown in Fig. 11.

We considered the effect of the tether attachment point
relative to the center of mass of the user, through the vari-
able cc, on the preference of the balance-based force feed-
back over inertial force feedback. The results are shown in
Fig. 12. We find that there is a statistically significant effect
of cc on preference, with lower values of cc (i.e., the tether
being attached farther above the user’s center of mass)
resulting in more likely preference for the balance-based
method. We will return to this result in Section 5.

In the post-experiment questionnaire, the subjects men-
tioned several reasons for their preference. Again, they
tended to vote against one method, rather than voting for the
other. Comments typically took one of three forms:
(1) Sometimes I was too aware of the tether pushing/pull-
ing on my back. (2) Sometimes it required too much effort
to get the belt to move. (3) Sometimes my balance was dis-
turbed when I tried to come to a stop. These comments echo
our own observations that led us to reconsider the kinet-
hetic-force-feedback method in the first place.

4.3 Ability to Walk at Self-Selected Speeds

In the final experiment, we used each subject’s preferred
kinesthetic-force-feedback method (whether or not it was
significantly different from the other method), and used
tt ¼ 1:26 s for all subjects. Fig. 13 depicts the self-selected
speeds of each subject for each of the four qualitative speed
types. Each of the means and standard deviations shown
are the result of experimental data of the type shown in
Fig. 14, after removing the transient effects of the first 5 s of
data. We can readily see that subjects are able to achieve
self-selected speeds and maintain those speeds. We see that
the user’s perceived walking speed vp=b has more variance

than the speed of the belt itself, indicating the periodic
(rather than constant) walking speed reminiscent of natural
walking. We also observe that the speed profiles are in
agreement with the standard first-order model [24].

The mean (with 95 percent confidence interval) of Cv val-
ues from (16) for the four different qualitative speeds are
presented in Fig. 15. It can be observed that Cv is less than
5 percent for normal walking, fast walking, and jogging,
and there is no significant difference between them.
Although Cv of backward walking is significantly larger
than the other three cases, it is still relatively small. Back-
ward walking seems to be not as intuitive as forward

Fig. 11. Preference of force-feedback methods, shown as a notched-
box-whisker plot.

Fig. 12. Preference of balanced-based force feedback (out of a pos-
sible 12) as a function of cc. Note that there are two data points at
each of (0.87,12), (0.88,12), and (0.9,10). The effect of cc is statisti-
cally significant.
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walking, so this result is not surprising; we observe that
users usually have more difficulty in keeping a constant
pace. Thus, it is critical that a locomotion interface provides
a stable and safe condition for a user to experience back-
ward walking.

Walking on the Treadport is similar to overground walk-
ing. All subjects could perform all of the four qualitative
walking types, as well as starting from rest, coming to stop,
and standing still, with smooth transitions between these
modes. Fig. 16 demonstrates all of the above mentioned
tasks carried out on the Treadport for a typical user. The

ability to come to a stop and stand still can be observed
around 60 s. A quick transition from backward walking to
forward walking can be observed around 90 s. We plot �vb
rather than vp=b so that the perfectly motionless condition

can be clearly seen during the standing-still portions (vp=b
exhibits the user’s natural sway).

5 DISCUSSION

For further analysis of the new controller, we consider the
energy expended by a user to change their walking speed.
This expended energy can be thought of as the work done
by the user’s feet when pushing the ground away, or alter-
natively, as the work performed on the user’s center of
mass (COM) by the ground. The relationship used for COM
work is given by [29]:

w ¼
Z

ff 	 vCOMdt; (19)

where wðtÞ is equal to the user’s expended energy as a func-
tion of time, ff is the force applied between the ground or belt
and the user’s feet (positive in compression), and vCOM is the
speed of the user’s COM. In overground walking, vCOM ¼ vp.
In the Treadport, vCOM ¼ vp=b [21]. Using numerical simula-

tions, the value of wðtÞ in Treadport walking is evaluated by
using the block diagram in Fig. 7 for different values ofcc, and
wðtÞ in overground walking is evaluated from the block dia-
gram of Fig. 6. Fig. 17 depicts the energy expenditure wðtÞ for
a typical humanwith themass of 80 kg, starting from rest and
reaching a steady-statewalking speed of 2m/s.

The results indicate that using both inertial and balance-
based force feedback results in energy expenditure on the
Treadport that is similar to overground. However, inertial
force feedback results in more energy expenditure than
overground, whereas balance-based force feedback for all
the values of cc used in this study results in less energy

Fig. 14. Four different self-selected qualitative speeds for a typical user.
(A) Walking speed of the user relative to the belt vp=b. (B) The belt’s
speed vb.

Fig. 15. Mean value of Cv with 95 percent confidence interval for different
walking types.

Fig. 16. Walking speed while transitioning between different walking
types for a typical user.

Fig. 13. Subjects’ mean walking speed with standard deviation for the four qualitative speeds.
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expenditure than overground. This trend is independent of
the user’s mass and walking speed. For the preferred time-
constant and the full range of cc from our studies, users
would expend 5:3 percent more energy than overground
with inertial force feedback, whereas they would expend
3:7-9:4 percent less energy than overground with the bal-
ance-based force feedback, depending on cc. It is possible to
modify the tether attachment point to result in a perfect
energy expenditure when using balance-based force feed-
back (cc ¼ 0:95, for the recentering-controller parameters
used here, independent of user mass and steady-state
speed). However, with inertial force feedback, even if we
consider modifying the recentering-controller time-constant
over the range of reasonable values found in our study, the
inertial force feedback would always result in 5:0-5:5
percent more energy expenditure than overground.

Regardless of the tether attachment point, once cc is set,
the balance-based force controller is the correct force in
terms of the user’s sense of balance, and we believe that this
is the primary reason for subjects’ preference of the method.
The improvement in balance and feeling of safety is particu-
larly noticeable when coming to a stop, during the brief
period after the feet are firmly planted on the belt but before
the belt has come to a complete stop. The improvement is
also noticeable when starting from rest, removing the need
of the user to lean forward slightly during the acceleration
phase. It seems likely that energy expenditure is also con-
tributing to the subjects’ preference, with users preferring to
expend less energy. The dependence of user preference on
cc, seen in Fig. 12, provides evidence of this dependence, in
light of the results shown in Fig. 17. Even if energy expendi-
ture were the only factor determining user preference, the
balance-based method would still be the preferred method
with cc ¼ 0:95, since the inertial method would require
5:3 percent more energy.

6 CONCLUSION

In this paper we described an improved control system for
the Treadport immersive locomotion interface, with results
that should generalize to any treadmill that utilizes an actu-
ated tether to enable self-selected walking speed. A new con-
troller for the belt was implemented to regulate the user’s
position to some reference position (typically near the cen-
ter); when combined with the user’s volition, this same con-
troller also enables the user to naturally self-select their
walking speed as they would when walking over ground.
We found that a simple proportional-derivative controller is
effective at regulating the user’s position, and it is most

natural feelingwhen it has a damping ratio of approximately
1.5 and a time constant of approximately 1.26 s. A new kines-
thetic-force-feedback controller was designed for the tether
that applies forces to the user’s torso. This new controller
was derived based onmaintaining the user’s sense of balance
during belt acceleration, rather than by rendering an inertial
force as was done in prior work. Based on the results of our
human-subjects study, both the belt controller and the kines-
thetic-force-feedback controller significantly contribute to an
improved perception of realistic walking on the Treadport.
Our improved controllers use intuitive dynamic-system and
anatomical parameters, rather than gains that require ad hoc
tuning. Our controller simply requires three measurements
to be made for a given user—the user’s mass, the user’s
height, and the height of the tether attachment point on the
user’s torso—and all other controller parameters can be set
constant for the entire population.
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