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Abstract: Gait rehabilitation robots have potential for cardiovascular rehabilitation of patients with neurological deficits.
A novel method was developed to guide exercise intensity by feedback control of oxygen uptake rate with a focus on
tracking ramps as typically applied in maximal exercise testing. This approach is important as prior observations have
noted a non-linear oxygen uptake response to increasing work rate, whereas a linear progression of exercise intensity is
desirable. The proposed oxygen-uptake controller has embedded within it a human-in-the-loop feedback system for control
of mechanical work rate which takes its target work rate from the automatic oxygen uptake control loop. Results of step
and ramp tracking of target oxygen-uptake profiles, and disturbance rejection tests, demonstrated the technical feasibility
and accuracy of the approach. Comparison with open-loop tests demonstrated clearly that the feedback system linearises
the oxygen-uptake response and that linear progression of exercise intensity leads to higher peak oxygen uptake values.
Further work will focus on clinical feasibility and the potential for cardiovascular rehabilitation in patients with neurological
deficits.
Nomenclature

HR heart rate
Praw unfiltered total mechanical work

rate
Ptotal low pass filtered total mechanical

work rate
Ppassive passive mechanical work rate

(constant value), estimated in
passive test

Pmech active mechanical work rate,
Pmech = Ptotal − Ppassive

Pmech peak peak active mechanical work rate
P∗

mech target mechanical work rate
V̇ O2 rate of oxygen uptake
V̇ O2 peak peak oxygen uptake rate
V̇ O2 max maximal value of oxygen uptake

rate, only achieved if the oxygen
uptake rate reaches plateau

V̇ O∗
2 target rate of oxygen uptake

V̇ O2(sim) simulated oxygen uptake with the
linear first order plant model P0

V̇ CO2 rate of carbon dioxide output
root mean square error RMSE =√(∑N

i=1 (xi − xtarget,i)2
)

/N

x corresponds to the variable;
N corresponds to the number
of samples over a specified
time range. This is a frequently
used indicator of the differences
between predicted values by a
model and the values actually
observed.

RMSE(Pmech ↔ P∗
mech) RMSE between actual and target

mechanical work rate
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RMSE(V̇ O2 ↔ V̇ O2(sim)) RMSE between actual and
simulated oxygen uptake rate

RMSE(V̇ O2 ↔ V̇ O∗
2) RMSE between actual and target

oxygen uptake rate
V̇ O2-work rate relationship oxygen uptake rate per

work rate relationship:
(V̇ O2 peak/Pmech peak)

M moment of force (torque)
ω angular speed
BWS body weight support
RATE robotics-assisted treadmill exercise
IET incremental exercise test

1 Introduction

Robotic devices for gait rehabilitation have primarily been applied
for recovery of walking function and adaptation of the central ner-
vous system in individuals with sundry neurological deficits [1, 2].
In the recent past, cardiovascular rehabilitation has increased in
importance as a complementary application of such devices [3–7].
Robotics-assisted treadmill exercise (RATE) provides the potential
to evaluate and train exercise capacity in individuals with serious
neurological impairments [4, 8–10]. A satisfactory level of cardio-
vascular fitness supports better management of the condition and
better performance in the activities of daily living [11]. However,
a study with stroke patients using the Lokomat gait rehabilitation
robot showed that exercise intensity did not reach recommended
levels for aerobic training during RATE [12], regardless of the
Lokomat device settings. This raises the question of how to specify
and control exercise intensity to achieve a training effect.

It has been shown that feedback control of heart rate profiles
in RATE is technically feasible [13], thus providing one means of
controlling the subjects’ effort. Other work has examined differ-
ent intensity-related variables including external mechanical work
rate, oxygen uptake, ratings of perceived exertion, human metabolic
work rate and different walking conditions [7, 9, 14–17]. In the
Commons
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field of exercise physiology, it is recommended that the intensity
of training sessions be specified through oxygen uptake rate (V̇ O2)
[18, 19] since V̇ O2 gives the most reliable and direct indication of
total exercise intensity in the human body. Oxygen uptake is the
gold standard for assessment of aerobic fitness and the optimal
variable for precise control of training intensity [20].

It has previously been shown that feedback control of oxy-
gen uptake during RATE is feasible for step tracking tasks in
able-bodied subjects [15]. The design of feedback controllers for
tracking of V̇ O2 ramp profiles has been predicted theoretically and
evaluated in simulation [21]. A method for estimating maximal
aerobic capacity would be an important contribution to the design
of fitness training and assessment protocols for RATE. A well-
established method is incremental exercise testing (IET), where the
exercise intensity should be increased rampwise until the subject
reaches the limit of functional capacity. It has been shown that oxy-
gen uptake responses are not linearly coupled with the work rate
during RATE [22], presumably because unmeasured components
of work increase disproportionately at higher intensity. Closed loop
control of oxygen uptake would provide a method of compensat-
ing for such non-linearities and also for plant disturbances (e.g.
speed changes) and population diversity. Further, we hypothesize
that approaching the limit of functional capacity in a linear fashion,
(by means of feedback control of V̇ O2) may lead to higher peak
oxygen uptake values.

The present work extends the idea of direct feedback control
of oxygen uptake profiles for RATE to ramp tracking. The con-
troller is embedded within a human-in-the-loop feedback structure
This is an ope
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Fig. 1 Experimental Setup

User with breath-by-breath cardiorespiratory monitoring system performs a feedback
task on the Lokomat
Fig. 2 Feedback control loop with controller structure

Dash-dotted line: RST-structure of the controller
Dotted line: human-in-the-loop work rate control
Mi-moments of force; ωi-angular speeds
Dashed line: open loop structure of the plant
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to allow the subject to perform volitional control of mechanical
work rate in a similar way to [13]. The software implementation
of the approach was described in detail in recent work [23]. The
feedback controller calculates the target mechanical work rate for
the human in the loop, so that the desired target oxygen uptake
rate is achieved. The actual mechanical work rate, which repre-
sents the effort of the subject and the target mechanical work rate
are visualised to the subject using the biofeedback system.

The aim of the present work was to test the technical feasibility
of the new method for feedback control of oxygen uptake rate dur-
ing RATE with a special focus on ramp tracking. Two controllers
(single and double integrator) were tested with step tracking,
disturbance rejection and ramp tracking tasks and compared with

open-loop control. We also aimed to investigate the non-linearity
of the oxygen uptake response in RATE and the ability of the con-
troller to linearise this key response; in this regard, the potential
ability of feedback linearisation to promote higher peak oxygen
uptake (V̇ O2 peak) and heart rate (HR) values was examined.

2 Materials and methods

2.1 Instrumentation and control strategy

We used the Lokomat gait orthosis system [LokomatPro version
5, Hocoma AG, Volketswil, Switzerland] with integrated treadmill

Fig. 3 Identification data sets and simulated model output

a Target mechanical work rate input signal
b Oxygen uptake rate output signal of both identification tests
c Identified first order nominal plant model P0(q−1) simulation and averaged signal of all four steps of the two tests (starting offset level subtracted)
The model fit value is 73.7%

Fig. 4 Outcomes of the tests

Note: Transient initial and final phases were neglected in calculating any RMSE values of oxygen uptake in this work
Start point of the calculation was always 300 s and end point was the final time value or the beginning of the final transient phase
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[h/p/cosmos GmbH, Nussdorf-Traunstein, Germany.] and dynamic
body weight support system [Lokolift, Hocoma AG.] (Fig. 1). An
interface unit [Lokomaster Output Box, Hocoma AG.] provided
force and angle sensor data from all four actuated joints (i.e. the
hip and knee joints) to allow calculation of the subjects’ active
participation at the human machine interface points represented by
the active mechanical work rate Pmech [23]. The raw mechanical
work rate (20 Hz sampling frequency), denoted Praw, was IIR low-
pass filtered (first order, 0.02 Hz cutoff frequency) and the passive
work rate Ppassive was subtracted. Ppassive was estimated prior the
start of each test by taking the mean value of the total mechanical
work rate Ptotal over a short time period during passive walking.
The formula used to calculate the raw mechanical work rate was

Praw =
4∑

i=1

|Miωi| (1)

with moments of force Mi and angular speeds ωi of hip and knee
joints.

A manual human-in-the-loop feedback system was implemented
(Fig. 2, dotted line) to allow the subject to volitionally control their
external mechanical work rate. This provided visualisation of the
target mechanical work rate P∗

mech and the actual mechanical work
rate Pmech in a graph on a large screen in front of the treadmill
(Fig. 1). The subject was instructed to adjust the forces they applied
to the orthoses via the shank and thigh cuffs so as to keep Pmech
close to P∗

mech.
Oxygen uptake (V̇ O2) and carbon dioxide output (V̇ CO2) were

measured in real time using a breath-by-breath metabolic moni-
toring system [Metamax 3B, Cortex Biophysik GmbH, Leipzig,
This is an ope
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Germany]. The system was calibrated for volume and gas concen-
tration using a volumetric syringe and a precision gas mixture,
respectively, prior to each test. HR was measured using a HR
belt [T31, Polar Electro, Kempele, Finland] and a receiver board
[HRMI, Sparkfun, Boulder, Colorado, USA].

2.2 Plant identification procedure

In an identification procedure, two open loop step tests were per-
formed to obtain the dynamic relationship between target mechan-
ical work rate (input P∗

mech) and oxygen uptake (output V̇ O2)
under the assumption of a discrete linear time-invariant plant model
P0(q−1), where q−1 is the delay operator (Figs. 3a and b). We
assumed at the outset that the plant can be modelled by a mono-
exponential (first-order) response, which is the usual assumption
in exercise physiology [20]. Both tests were used for parameter
estimation and model validation by taking the average of the four
up-down step responses to create a single data set. During the iden-
tification tests, two target work rate levels of 20 and 40 W were
applied in sequence for 5 min each (Fig. 3a). The estimated transfer
function, obtained using a linear least-squares procedure, represents
the nominal open-loop plant P0(q−1) (Fig. 3c) and is used for con-
troller development. The sample time for identification was 10 s.
The generic structure of the plant model is

A(q−1)y(t) = B(q−1)u(t) + e(t) (2)

with A and B polynomials in the delay operator q−1 and output
variable y, input variable u and disturbance e in time domain.
Fig. 5 Step tracking with controller C1

a Target mechanical work rate P∗
mech, calculated by the controller based on V̇ O∗

2 and V̇ O2; active mechanical work rate Pmech performed by the subject
b Target oxygen uptake rate V̇ O∗

2, oxygen uptake rate V̇ O2 and simulated oxygen uptake rate V̇ O2(sim) based on the plant model P0(q−1)

c Heart rate HR
IET Control Theory Appl., 2015, Vol. 9, Iss. 9, pp. 1433–1443
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2.3 Controller development

The nested-loop feedback control structure consists of a human-
in-the-loop work rate control inner loop, in conjunction with
an outer-loop oxygen uptake feedback controller (Fig. 2). Two
different V̇ O2 controllers, denoted C1(q−1) and C2(q−1), were
designed based on the open loop transfer function P0(q−1): C1
has a single integrator and C2 has a double integrator. Each feed-
back controller calculates the target mechanical work rate P∗

mech
for the human-in-the-loop control part, based on the predefined
target oxygen uptake V̇ O∗

2 and measured actual oxygen uptake
V̇ O2. The controllers were implemented using a standard structure
for anti-reset windup in discrete-time controllers [24]. Each con-
troller has the same generic structure (dash-dotted box in Fig. 2),
that is

P∗
mech(t) = 1

R(q−1)
(T (q−1)V̇ O∗

2(t) − S(q−1)V̇ O2(t)) (3)

with R, S and T polynomials in the delay operator q−1.

(1) C1–single integrator: With a first-order plant model and a
single integrator in the controller, that is, R included the fac-
tor � = 1 − q−1, three closed-loop poles had to be selected. A
dominant pole pair was determined based on a desired 10–90%
closed-loop rise time of 120 s and relative damping of 0.999 for the
nominal closed-loop response of an equivalent second-order trans-
fer function. The third pole was selected based on a first-order
system, about three times faster than the dominant second-order
poles with rise time of 36 s.
(2) C2–double integrator: For delay-free tracking of a ramp target
signal, the controller included an additional integrator, that is, the
factor (1 − q−1)2 was incorporated in R. For C2, four closed-loop
poles were specified, determined by selection of the rise time and
relative damping for two second order transfer functions. The first
pole pair had a rise time of 120 s and damping of 0.999, as for C1.
The second pole pair had a rise time of 186 s and a damping of
0.999. These design parameters were chosen such that the nominal
closed loop sensitivity and complementary sensitivity functions had
approximately the same bandwidths determined in the design of
controller C1. Both controllers were implemented in discrete time
with a sample time of 10 s.

Fig. 6 Disturbance rejection test with C1 and periodical speed level changes

a Target mechanical work rate P∗
mech, calculated by the controller based on V̇ O∗

2 and V̇ O2; active mechanical work rate Pmech performed by the subject
b Constant target oxygen uptake rate V̇ O∗

2, oxygen uptake rate V̇ O2

c Heart rate HR
d Treadmill speed vt as disturbing variable
IET Control Theory Appl., 2015, Vol. 9, Iss. 9, pp. 1433–1443
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The input–output transfer function of the closed loop (Fig. 2) is

y(t)

r(t)
= B(q−1)T (q−1)

A(q−1)R(q−1) + B(q−1)S(q−1)
(4)

The pole placement method involves solving the characteristic
equation for R and S [24]

A(q−1)R(q−1) + B(q−1)S(q−1) = ϕ1(q
−1)ϕ2(q

−1) (5)

where the desired closed-loop poles are set using the polynomials
ϕ1 (2 dominant poles for C1 and C2) and ϕ2 (1 fast pole for C1,
two faster poles for C2).

T is computed in the form T (q−1) = kϕ2(q−1), with k a con-
stant, to cancel the faster poles ϕ2 from the tracking response and
to achieve unity steady-state gain overall

y(t)

r(t)
= B(q−1)T (q−1)

ϕ1(q−1)ϕ2(q−1)
= kB(q−1)

ϕ1(q−1)
with k = ϕ1(1)

B(1)
(6)

2.4 Testing protocols

Several tests were performed to assess control performance (Fig. 4).
In each test the treadmill speed was set to 2 km/h, except in the
disturbance rejection test where it was increased periodically to
3 km/h. Body weight support (BWS) was 30 kg in all tests. The
single test person was a healthy, normal male aged 49 years (author
K.J.H.), familiar with Lokomat walking. His mass was 83 kg and
his height was 185 cm.

(1) Step tracking: During this test the target oxygen uptake was
changed periodically between two different levels. The target oxy-
gen uptake profile was specifically chosen in a range recommended
This is an ope
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for cardiovascular training. Exercise intensity should be above a
minimal required intensity level to result in changes in physiologic
parameters. The ACSM recommends a relative training intensity
of 37 to 64% of V̇ O2 max for deconditioned persons and 46 to 91%
of V̇ O2 max for normal able-bodied adults [19]. These target V̇ O2
levels are similar to the range used in the identification procedure,
which also lies within the recommended ranges.
(2) Disturbance rejection: The controller’s objective in this test
was to maintain a constant oxygen uptake rate. The treadmill speed
changed every 5 min between 2.0 km/h and 3.0 km/h to investigate
the disturbance rejection abilities of the controller.
(3) Open loop: The aim of this test was to investigate the degree
of linearity of the oxygen uptake response to a linearly-increasing
target work rate profile, that is, no controller was active in this
test. Furthermore, the peak oxygen uptake achieved in this test
was recorded for comparison with values obtained under feedback
control.
(4) Ramp tracking: The ramp tracking tests allow investigation
of the ability of the controllers to follow a linearly increasing
target oxygen uptake profile of the kind used in IET in sports
physiology. The aim here was to compare the linearity of the
feedback-controlled V̇ O2 response with the open-loop response,
and to assess any differences in the peak V̇ O2 value achieved.

3 Results

3.1 Plant model and controller parameters

Based on data obtained from the identification tests, the parameters
of the plant model (2) were obtained using linear least squares. The
Fig. 7 Open loop without feedback controller

a Target mechanical work rate P∗
mech, predefined as ramp signal; active mechanical work rate Pmech performed by the subject

b Resulting oxygen uptake rate V̇ O2 and simulated oxygen uptake rate V̇ O2(sim)
based on the plant model P0(q−1) and the predefined target mechanical work rate P∗

mech
c Heart rate HR
IET Control Theory Appl., 2015, Vol. 9, Iss. 9, pp. 1433–1443
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identification procedure led to the choice of a first-order model

V̇ O2(t) = 4.4624q−1

1 − 0.8124q−1
P∗

mech(t) + 1

�(1 − 0.8124q−1)
d (t)

(7)

with d a disturbance term and � = 1 − q−1. Following removal of
mean signal levels prior to parameter estimation this model con-
forms with (2). Therefore the nominal transfer function of the plant
P0(q−1) is

P∗
mech → V̇ O2 : P0(q

−1) = B0(q−1)

A0(q−1)
= 4.4624q−1

1 − 0.8124q−1
(8)

which has a steady-state gain of 23.8 and a time constant of 48.3 s.
The identification data were also used to assess the goodness of
fit (73.7%) of this model (Fig. 3c). Based on the nominal plant
model P0(q−1) and the closed-loop design specifications the two
controllers were computed as follows:

C1 – single integrator

R(q−1) = 1.0000 − 1.3733q−1 + 0.3733q−2

S(q−1) = 0.0332 − 0.0266q−1

T (q−1) = 0.0143 − 0.0078q−1

(9)

C2 – double integrator

R(q−1) = 1.0000 − 2.4726q−1 + 1.9451q−2 − 0.4726q−3

S(q−1) = 0.0297 − 0.0515q−1 + 0.0223q−2

T (q−1) = 0.0297 − 0.0515q−1 + 0.0223q−2

(10)
IET Control Theory Appl., 2015, Vol. 9, Iss. 9, pp. 1433–1443
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3.2 Step tracking

The results of this test show the ability of the controller C1 to con-
trol the oxygen uptake rate between two levels which are close to
the V̇ O2 levels observed during the identification tests (Fig. 5b).
The root mean square error between mechanical work rate and tar-
get RMSE(Pmech ↔ P∗

mech) is an indicator for the cognitive skills
of the subject to perform the human-in-the-loop feedback control,
that is, to adapt the effort to the target signal. A very low value of
1.3 W was achieved (Fig. 5a). The RMSE(V̇ O2 ↔ V̇ O2(sim)) of
32 ml/min demonstrates a very good match of V̇ O2 and V̇ O2(sim)
and therefore a proper identification of the plant model P0. The
controller’s behaviour matches the theoretical model dynamics with
moderately varying target signal output (Fig. 5b). Over time, the
overall Pmech level dropped slightly (Fig. 5a) and HR rose because
of moderate exertion of the subject (Fig. 5c).

3.3 Disturbance rejection

The controller attempts to maintain the constant oxygen uptake
signal level (Fig. 6b) by adapting the target mechanical work rate
(Fig. 6a), disturbed by periodical speed level changes (Fig. 6d).
The RMSE(Pmech ↔ P∗

mech) was 1.2 W. The RMSE(V̇ O2 ↔
V̇ O∗

2) value of 59 ml/min is mainly caused by two major variations,
provoked by speed changes. We assume that rising walking speed
requires lesser cardiovascular work because the required forces are
lower and the gait cycle becomes more efficient. This is indicated
by the fact that P∗

mech rose (Fig. 6a) to maintain the V̇ O2 level
(Fig. 6b). The cardiovascular system reacted less when speed was
decreased. Over time, the overall HR level rose slightly (Fig. 6c)
while V̇ O2 and Pmech stayed constant (Figs. 6a and b).
Fig. 8 Ramp tracking with controller C1

a Target mechanical work rate P∗
mech, calculated by the controller based on V̇ O∗

2 and V̇ O2; active mechanical work rate Pmech performed by the subject
b Target oxygen uptake rate V̇ O∗

2, oxygen uptake rate V̇ O2 and simulated oxygen uptake rate V̇ O2(sim) based on the plant model P0(q−1)

c Heart rate HR
Commons
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3.4 Open loop

The open-loop test was performed to investigate the oxygen
uptake dynamics without feedback control (Fig. 7). The target
mechanical work rate increased linearly to a subject specific
peak value (Pmech peak) within 10 min (Fig. 7a). The test gave
a HRpeak of 176 bpm, V̇ O2 peak of 2600 ml/min and Pmech peak
of 120 W. The oxygen uptake rate per work rate relationship
(V̇ O2 peak/Pmech peak) was 21.7 ml/min/W. The non-linearity of
the response is clearly visible in V̇ O2 and HR (Figs. 7b and c). The
RMSE(Pmech ↔ P∗

mech) value of 2.4 W illustrated the solid cogni-
tive ability of the subject to perform the manual human-in-the-loop
feedback control of work rate (Fig. 7a). The RMSE(V̇ O2 ↔
V̇ O2(sim)) between the measured V̇ O2 and the linear simulation
of V̇ O2 was 174 ml/min which indicates a considerable difference
between the non-linear reality of the response and linear first order
simulation, thus emphasising the non-linearity. V̇ O2 almost reached
a plateau before the end of the ramp (Fig. 7b) and HR flattened
out (Fig.7c).

3.5 Ramp tracking (C1)

The Ramp tracking with the controller C1 led to a HRpeak
of 162 bpm and a V̇ O2 peak of 2700 ml/min (Fig. 8b). Oxygen
uptake rate is clearly below the target of 3000 ml/min (Fig. 8b)
but higher than in open loop (Fig. 7b). The phase lag in the
response is expected as a consequence of the single integra-
tor in the controller. Pmech peak was 95 W (Fig. 8a) which is a
significantly lower value than in the open loop test and there-
fore the V̇ O2-work rate relationship was 28.4 ml/min/W which
is clearly higher. The RMSE(Pmech ↔ P∗

mech) was 1.4 W. The
RMSE(V̇ O2 ↔ V̇ O2(sim)) of 57 ml/min demonstrated the tracking
This is an ope
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performance of C1 (Fig. 8b). The work rate signal flattens slightly
towards the end of the ramp phase (Fig. 8a). The overall response
of V̇ O2 in this test is seen to be linear, indicating that the non-
linear work rate response is now compensating for the underlying
plant non-linearity. HR dynamics (Fig. 8c) behave approximately
synchronously with the V̇ O2 dynamics.

3.6 Ramp tracking (C1), delayed

The ramp tracking test with C1 was repeated with a forward-time-
shifted V̇ O∗

2 reference signal to extend the ramp phase (Fig. 9b),
since the phase lag in the ramp response is basically predictable.
The test led to a HRpeak of 180 bpm and a V̇ O2 peak of 2870 ml/min
(Figs. 9b and c). Oxygen uptake rate was clearly higher than in
open loop and non-shifted ramp tracking. The HR reached a sim-
ilar level as in open loop. Pmech peak was 100 W (Fig. 9a), still
lower than in the open loop test but higher than non-shifted ramp
tracking. The V̇ O2-work rate relationship was 29.0 ml/min/W. The
RMSE(Pmech ↔ P∗

mech) was 2.7 W. The work rate signal flattens
clearly in the middle of the ramp phase (Fig. 9a, 600 s) while V̇ O2
rises nearly linearly (Fig. 9b). The RMSE(V̇ O2 ↔ V̇ O2(sim)) of
117 ml/min reflects the slightly reduced tracking performance of
C1 in this case. This test again illustrates the linearising properties
of feedback control of V O2. The HR has again a similar overall
dynamic behaviour as the V̇ O2 (Fig. 9c).

3.7 Ramp tracking (C2)

The ramp tracking test was repeated with the controller C2 which
contains two integrators for zero steady-state error during ramp
Fig. 9 Ramp tracking with controller C1 and a delayed target signal

a Target mechanical work rate P∗
mech, calculated by the controller based on V̇ O∗

2 and V̇ O2; active mechanical work rate Pmech performed by the subject
b Delayed target oxygen uptake rate V̇ O∗

2, oxygen uptake rate V̇ O2 and simulated oxygen uptake rate V̇ O2(sim) based on the plant model P0(q−1)

c Heart rate HR
IET Control Theory Appl., 2015, Vol. 9, Iss. 9, pp. 1433–1443
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reference tracking (Fig. 10). The RMSE(Pmech ↔ P∗
mech) value

was 1.6 W. The RMSE(V̇ O2 ↔ V̇ O2(sim)) of 93 ml/min is sim-
ilar to the ramp tests with C1 and confirms the ability of C2 to
track ramps without steady-state error as predicted by simulation
(Fig. 10b). The test led to a HRpeak of 184 bpm, a V̇ O2 peak of
3000 ml/min at Pmech peak of 100 W. The work rate signal flattens
continuously (Fig. 10a) while V̇ O2 rises linearly (Fig. 10b), thus
emphasising the linearising effects of the feedback compensation.
The V̇ O2-work rate relationship of 30.0 ml/min/W was slightly
higher than in the ramp tests with C1 and is clearly higher than
in open loop. The HR is again in phase with V̇ O2 (Fig. 10c). The
test results are summarised in Fig. 11.

4 Discussion

The aim of this work was to test the technical feasibility of feed-
back control of oxygen uptake rate during RATE with special focus
on ramp tracking. Further, we aimed to investigate the non-linearity
of the oxygen uptake response in RATE and the ability of feed-
back control to linearise this key response. The potential ability of
feedback linearisation to promote higher V̇ O2 peak and HR values
was examined.

There is lack of aerobic training methods in the field of robotics-
based rehabilitation for individuals with neurological deficits.
We demonstrated that passive RATE is not intense enough for

Fig. 10 Ramp tracking with controller C2 for compensated tracking delay in ramps

a Target mechanical work rate P∗
mech, calculated by the controller based on V̇ O∗

2 and V̇ O2; active mechanical work rate Pmech performed by the subject
b Target oxygen uptake rate V̇ O∗

2, oxygen uptake rate V̇ O2 and simulated oxygen uptake rate V̇ O2(sim) based on the plant model P0(q−1)

c Heart rate HR

Fig. 11 Test protocols
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cardiovascular rehabilitation [12] since only 600 ml/min V̇ O2 was
reached in the passive phase of the identification tests. In the
present work, we have demonstrated the technical feasibility of
guiding exercise intensity by feedback control of oxygen uptake
and as a novelty, also in ramp tracking tasks. The stability of the
controllers C1 and C2 was seen to be excellent. The single subject
was continuously able to precisely follow the moderately varying
target mechanical work rate, that is, the controller output, in each
test, illustrated by the low RMSE(Pmech ↔ P∗

mech) values between
1.2 and 2.7 W. This result further confirms that the human-in-the-
loop feedback structure is technically feasible for mechanical work
rate control in RATE in combination with V̇ O2 feedback control.

The step tracking test verified the quality of the controller devel-
opment by demonstrating accurate tracking abilities with a very low
RMSE(V̇ O2 ↔ V̇ O2(sim)) of 32 ml/min, thus confirming previous
work [15]. Step tracking for specific V̇ O2 profiles may be a promis-
ing method for aerobic training [19, 25] in RATE. Patients may
perform at a specific, recommended percentage of their maximal
aerobic capacity to improve their cardiovascular status.

Increasing speed in the disturbance rejection test led to more
efficient gait and less muscle fatigue and therefore to lower V̇ O2
values and vice versa since the speed of RATE was lower than
the natural self-selected walking speed of around 5 km/h [26–28]
which gives the most efficient trade-off between speed and force.
Feedback control provides rapid compensation of such disturbances
to correct subject-specific oxygen uptake dynamics variations. The
resulting RMSE(V̇ O2 ↔ V̇ O∗

2) value of 59 ml/min illustrates the
good performance of the controller C1 in compensating provoked
dynamic changes in V̇ O2.

The open loop test clearly illustrates the non-linearity of the
V̇ O2 (and HR) response during a linear work-rate ramp and there-
fore the justification for the use of feedback control to obtain a
linear oxygen uptake response. Oxygen uptake reached its high-
est value (2600 ml/min) below the predicted value of 3000 ml/min
although the work rate was still rising. The latter rose to the sub-
ject’s limit of volitional effort. This indicates that peak oxygen
uptake during this type of testing is limited by peripheral muscular
strength and not by central cardiopulmonary function. The oxygen
uptake – work rate relationship was relatively low compared with
the feedback controlled ramp tests and indicates non-optimal design
for estimation of cardiopulmonary performance parameters. This
non-linear behaviour of oxygen uptake is presumably caused by
unmeasured components of work which increase disproportionally
at higher intensity.

This hypothesis that feedback can linearise the response [21]
was experimentally proven in the present work by designing
proper feedback controllers and performing ramp tracking tests.
The results with the controller C1 illustrated accurate, but delayed,
ramp tracking: the response of oxygen uptake rate was linearised.
The phase delay is a predictable property of this type of feed-
back controller, since C1 contains only a single integrator. Higher
oxygen uptake rates (2700/2870/3000 ml/min) than in open loop
(2600 ml/min) were achieved in all feedback-controlled ramp track-
ing tasks with C1 and C2. An important feature and an indicator
for the non-linearity of oxygen uptake in RATE is the flattening
of the work rate while oxygen uptake rises with constant slope,
reflecting the controllers’ ability to linearise the response. Work
rate final values were on average 20 W lower than in open loop, that
is, ∼17% lower muscular effort. A significantly higher V̇ O2-work
rate relationship resulted. Ramp tracking by feedback seems to be
more efficacious for maximal performance testing than open loop
tasks because of the well-controlled oxygen uptake slope. Ramp
tracking with C2 resulted in the highest cardiopulmonary values
and a completely smooth work rate signal because of the abil-
ity to compensate tracking delay using the double integrator in
the controller. Ramp tracking with C1 and a forward-shifted tar-
get oxygen uptake signal showed an improvement compared with
the non-shifted ramp tracking test. Slightly higher cardiopulmonary
values resulted because of the extended ramp phase.

These technical feasibility results suggest there may be signif-
icant improvement in measuring V̇ O2 peak values in this type of
exercise with feedback control of V̇ O2 because of compensation
This is an ope
1442 Attribution-NonCommercial-No
of the non-linear response and a smoother approach to the physi-
ological maximum. The outcomes show that the control approach
is robust against changes in the plant dynamics: although plant
dynamics change between people and within a given person on
different days, all the results obtained here used a single model
identified at the start of the experimental series, as described above.
The results indicate that higher V̇ O2 peak values may be achieved in
RATE with feedback control of V̇ O2 because of slower leg fatigue
as the load on the subject is lower and the limiting factor is the
cardiopulmonary capacity, as desired.

Further work should investigate these hypotheses within a sub-
ject cohort to seek consistency and validate our findings. The
approach should then be tested in patients where non-linearities
and dynamic variabilities are likely to be more pronounced.

5 Conclusion

Feedback control of oxygen uptake rate in RATE is technically
feasible for step and ramp tracking tasks in healthy subjects. Non-
linearity of the V̇ O2 response to linearly increasing open-loop work
rate profiles was confirmed and the ability of feedback control to
linearise the response was demonstrated. Higher V̇ O2-work rate
relationships were found in feedback controlled V̇ O2 tests, together
with higher V̇ O2 peak values. Further work will focus on clinical
feasibility and the potential for rehabilitation of the cardiovascular
system in patients with neurological deficits.
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