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Abstract: Manned spaceflight has already become an important approach to space science exploration,
while long-term exposure to the microgravity environment will lead to severe health problems for
astronauts, including bone loss, muscle atrophy, and cardiovascular function decline. In order to
mitigate or eliminate those negative influences, this paper presents a cable-driven exercise equipment
that can be applied in a microgravity environment to render multi-functional on-orbit physical
exercise modes for astronauts. First, the structure of cable module and the configuration of the
equipment were proposed. Second, a two-level controller was provided, including the cable tension
distribution algorithm and tension controller of the cable module. A safety protection strategy was
proposed to ensure the safety of the astronaut. Furthermore, simulation and running experiment
studies of the equipment were conducted, the results demonstrate that the load force of the equipment
could achieve a high-level accuracy, and the exercise status of the astronaut could be monitored and
protected in the meantime. Therefore, physical exercises could be carried out by the assistance of the
equipment to keep astronauts in good shape on-orbit.

Keywords: cable-driven; astronaut; physical exercise; microgravity; force control; running; on-orbit

1. Introduction

Outer space is the common wealth of mankind, and the exploration of the outer space
is also the unremitting pursuit of mankind [1–3]. At present, the role of the space industry
in the global overall development strategy is increasingly prominent, and the experimental
research on space exploration is increasing at an incredible rate. Space exploration activi-
ties significantly enhance the progress of human civilization and social development [4].
With the progress of manned spaceflight technology and the completion of the space station,
human space activities have been continually exploring deep outer space far from the low
Earth orbit. However, the particularity of the space environment, such as the microgravity
environment, radiation, and extreme temperature, has brought great challenges to the core
of manned spaceflightl—astronauts [5,6]. Aerospace medicine problems have gradually
become the main unfavorable factors restricting space exploration. The physical problems
caused by entering space mainly include the following aspects: space motion sickness [7],
also known as Space Adaptation Syndrome; the decline of motor coordination [8]; a reduced
number of red blood cells in blood [9], anemia [10]; and the redistribution of body fluids
causes a series of physiological changes [11]; meanwhile, the microgravity environment
causes the decline of cardiovascular function [12], osteoporosis [13], muscle atrophy [14],
immune function [15], and brain function [16]. Aerospace medical studies illustrate that
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the health level of astronauts in space can be maintained with the help of lower body nega-
tive pressure technology, reasonable physical exercise [17], and medicine [18]. However,
astronauts can not carry out physical exercise without the assistance of other devices in
a microgravity environment. Thus, a lot of exercise equipment has been developed to
provide astronauts requiring exercise load characteristics. Even so, the volume and mass
constraints of the spacecraft provide challenges for the development of effective exercise
countermeasures [19].

In early 2009, interim Resistive Exercise Device (iRED) [20] had been replaced by
Advanced Resistive Exercise Device (ARED) [21] to assist astronauts in conducting deep
squats, bench presses and heel raise exercises on the International Space Station (ISS).
The ARED uses vacuum cylinders to simulate free weights for resistive exercise. Although a
variety of exercises could be carried out by ARED, the volume of it is bulky, the weight of it
is heavy, and the only type of exercise that it can provide is strength training, while aerobic
exercise is not included.

A Treadmill with Vibration Isolation and Stabilization (TVIS) had been installed and
entered service on the ISS in 2000 [22], which is almost the same as the spinning bike in
a fitness room. A similar running machine was also equipped at Tiangong-2. However,
the TVIS and the running machine at Tiangong-2 only provide one function, which is
running. Falling and injury risks are also an issue for astronauts since a moment to lean
their body forward or backward can be easily generated by fixing the load point at the
waist [23].

X-1 is a lower-limb exoskeleton robot [24,25], jointly developed by NASA and IHMC,
and is used for astronauts in space exercises. X-1 exerts a load on the astronaut’s body
via a servo motor which will slow down the loss of bone and muscle atrophy. However,
the exoskeleton system is not economical and inconvenient to setup or operate since the
exoskeleton should adjust to different individual lower-limb lengths. Furthermore, the rigid
connections with the astronauts also raise the injury risk.

The future use of exercise for human space mission should have enabled the compre-
hensive adoption of terrestrial exercise training concepts, including continuous and interval-
type aerobic exercise and high-intensity, and multi-set/rep resistance training [26,27]. How-
ever, the existing space exercise devices for astronauts demonstrate several flaws: (1) Sole
function; (2) Large space occupation; (3) High cost; and (4) Complicated operational process.

In order to overcome these drawbacks, this paper proposes a cable-driven Astro-
naut on-orbit Physical Exercise Equipment (CAPE). The cable-driven systems have a lot
of advantages compared with the rigid systems, such as low manufacturing cost, large
workspace, low inertia, light-weight, and high velocity. Benefiting from these outcomes,
this type of drive mode has been widely applied in rehabilitation areas. SK Agrawal pro-
poses a cable-driven exoskeleton for gait rehabilitation in lightweight and constraint-free
architecture [28]. Robert Riener presents a cable-driven, soft, flexible, and lightweight
wearable robot for lower-limbs (Myosuit) [29] and shoulders (Myoshirt) [30] in regaining
the patient’s ability to move. Kyu-Jin Cho develops a soft wearable cable-driven robot for
the hand that helps people with spinal cord injuries for assisting in daily life [31]. Conor
Walsh proposes a cable-driven lightweight exosuit that is able to reduce the metabolic rate
for running and walking [32]. These devices are used for actively assisting people with
impairment to accomplish movement in activities of daily living (ADLs) or augmenting the
capabilities of healthy individuals. However, the CAPE is a device that passively follows
the movement of the astronaut and provides required exercise resistance which can be
interpreted as a load simulator. Therefore, compared with the aforementioned cable-driven
systems, we are more concerned about the force control performance of the CAPE and pay
less attention to the position control performance. The CAPE has a number of advantages:
(1) Multi-functional; (2) Small space occupation; (3) Low cost; and (4) User-friendly. This
paper is organized as follows: an overview of the CAPE was presented in Section 2, in-
cluding the cable module and system configuration; and a two-level controller and safety
protection strategy were described in Section 3. In Section 4, to base a foundation for a
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running exercise experiment, a simulation study simulation was conducted to verify the va-
lidity of the two-level controller and safety protection strategy; then, the hardware-in-loop
experiment was carried out, while the conclusion was provided in Section 5.

2. Cable-Driven On-Orbit Astronaut Physical Exercise Equipment (CAPE)
2.1. Cable Module

The cable module structure is shown in Figure 1, where Figure 1a is the schematic
diagram of the cable module, and Figure 1b is the three-dimensional drawing of cable
module. It is composed of a permanent magnet DC torque motor, encoder, traction pulley,
pinch roller, guide pulley, tension sensor, and cable. The function of the pinch roller is to
restrict the cable around the traction wheel to prevent skipping. The radius of the cable
traction wheel is 0.06 m. The permanent magnet DC torque motor 160LYX06 is adopted,
the maximum tension of the cable module is 500 N, and the maximum speed of the cable
module is 0.75 m/s.

 (a)
 

(b)

Figure 1. Cable module. (a) schematic diagram of cable module; (b) 3D drawing of the cable module.

2.2. Configuration of CAPE

The general configuration of a Cable-driven Astronaut on-orbit Physical Exercise
equipment (CAPE) is shown in Figure 2. The CAPE is composed of four load cable modules
in green, two protection cable modules in orange, a treadmill, a bench press bar, a bench
and two guide pulleys. In this arrangement, the CAPE has the following characteristics:

(1) CAPE provides astronauts with a variety of exercise modes, realizing high efficiency
without increasing the cost of the equipment. As shown in Figures 2 and 3, with the
assistance of CAPE, astronauts are able to carry out bench press, deep squat, deadlift,
heel raise, and running exercise. In which running is aerobic exercise, while others are
weight-exercises.

(2) The CAPE can be easily set up by the help of the carabiners at the each end of the
cables. Compared with the rigid connections with the human body of most of the
existing exercise devices in space, the type of cable-driven will significantly reduce
the injury risk. Furthermore, to ensure the safety of the astronaut, CAPE provides
a safety protection strategy. As presented in Figure 2, the four green cable modules
realize the load force during exercises, and two orange cable modules are responsible
for the safety monitoring and the protection of astronauts. Normally, the two orange
cable modules follow the movement of astronauts passively, while in some cases to
avoid accidents or instability, these two modules collaborate with the other four green
cable modules to complete safety protection actions, which is described in Section 3.

(3) Modular design is adopted to develop the cable module, and the cable modules could
be hidden in the floor of the space station. Several advantages are brought by this kind
of modular design and arrangement: economical in cost; easy to replace, maintain,
and repair; in addition, when the CAPE is inactive, the cable can be coiled on the
traction pulley to occupy less space and improve the utilization rate of space, which is
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significant for the narrow space capsule, and provides an orderly living environment
for astronauts.

 

Figure 2. Configuration of CAPE.

(a) (b)

(c) (d)

Figure 3. Exercise modes assisted by CAPE. (a) bench press; (b) deep squat; (c) deadlift; (d) heel raise.

3. Two-Level Controller and Safety Protection Strategy of CAPE
3.1. Two-Level Controller

The two-level controller consists of a cable tension distribution algorithm and a force
controller of the cable module. The tensions of each cable corresponding to the particular
load position could be calculated by the tension distribution algorithm. It also enhances
the stability of the system and guarantees each cable to stay in a tight state. Force controller
realizes a high-level accuracy of each cable tension to improve the system load precision.
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3.1.1. Cable Tension Distribution Algorithm for Running Exercise

The force analysis diagram presents in Figure 4. A, B, C, and D are the points that the
four load cables come out from the load modules. E and F are the positions of the two guide
pulleys, and the two protection cables that come out from the protection cable modules
will pass those two guide pulleys. The Cartesian coordinate system o-xyz is established
at the center of the equipment base. The coordinates of each point are A(−a,−b, 0),
B(−a, b, 0), C(a, b, 0), D(a,−b, 0), E(−c, 0, d), and F(c, 0, d), in which a = c = 0.75 m, b =
0.3 m, d = 1.8 m. The tension of each cable is Ti(i = 1 ∼ 6). The length of each cable is
Li(i = 1 ∼ 6). The load point is near the pelvis, which can be approximately regarded as
the point P(x, y, z) where the six cables intersect in the human body. The components of
the resultant force at the load point in x, y, and z directions are Fx, Fy, and Fz, respectively.
The mathematical relationship among the coordinate of load point P, the length of each
cable, and the coordinates of points A to F are presented in Equation (1).

(a + x)2 + (b + y)2 + z2 = l2
1

(a + x)2 + (b− y)2 + z2 = l2
2

(a− x)2 + (b− y)2 + z2 = l2
3

(a− x)2 + (b + y)2 + z2 = l2
4

(a + x)2 + y2 + (z− d)2 = l2
5

(a− x)2 + y2 + (z− d)2 = l2
6

(1)

B(−a, b, 0)

C(a, b, 0)
A(−a, −b, 0)

E(−c, 0, d)
F(c, 0, d)

T1
l1

l3

l5 l6

T3

T6T5

y

x
z

o

l4
D(a, −b, 0)

l2

T4

T2

Fy

FxP
Fz

Figure 4. Force analysis diagram of running exercise.

The coordinates of load point P can be obtained by any three equations in Equation (1).
Thus, the top 3 equations are taken to solve the coordinate, and the results are as shown in
Equation (2).

x =
l2
2 − l2

3
4a

y =
l2
1 − l2

2
4b

z =
1

2ab

(
−4a4b2 − 4a2b4 + 2a2b2l2

1 + 2a2b2l2
3 −

a2l4
1 + a2l4

2 + b2l4
2 + b2l4

3
4

+
a2l2

1 l22 + b2l2
2 l2

3
2

) 1
2

(2)

In order to mimic the force characteristics of running exercise under a gravity envi-
ronment, the expected load force in x, y, and z directions should be set as the form of
(0 N, 0 N, Fload). Therefore, according to the geometric principle, the mathematical relation-
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ship between the expected load force and the resultant force at the load point P generated
by the four load cables can be demonstrated in Equation (3):

x + a
l1

T1 +
x + a

l2
T2 +

x− a
l3

T3 +
x− a

l4
T4 = 0

y + b
l1

T1 +
y− b

l2
T2 +

y− b
l3

T3 +
y + b

l4
T4 = 0

z
l1

T1 +
z
l2

T2 +
z
l3

T3 +
z
l4

T4 = Fload

(3)

Equation (3) can be rewritten as HT = W , where T = [T1, T2, T3, T4]
T is the vector of

cable tension, H ∈ R3×4
3 is the structural matrix, W is the expected load force. The equa-

tions are nonhomogeneous linear system of equations, thus the form of its solution is the
combination of its particular solution and the general solution of the corresponding ho-
mogeneous linear system of equations. The minimum norm least-square solution is taken
as a particular solution, as shown in Equation (4), where H+ = HT(HHT)−1. The gen-
eral solution of the corresponding homogeneous linear system of equation HT = 0 is Th,
as shown in Equation (5), where Null(H) = [N1, N2, N3, N4] is the one-dimensional null
space basis of the structural matrix, and λ is the coefficient; therefore, the general solution
of Equation (3) can be written as Equation (6):

Ts = [T1s, T2s, T3s, T4s]
T = H+W (4)

Th = [T1h, T2h, T3h, T4h]
T = λNull(H) (5)

T = Ts + Th = H+W + λNull(H) (6)

The cable tension can be generated within the driving capacity range of the cable
module by a reasonable selection of λ. Therefore, λ is the vital factor to improve the
force condition of the system. Tmax = [T1max, T2max, T3max, T4max]

T is the maximum tension
that could be produced by the cable module. Tmin = [T1min, T2min, T3min, T4min]

T is the
minimum tension to ensure each cable stay in a tight state when assisting astronauts to
carry out exercises, thus T should meet the requirement of Equation (7):

Tmin 6 T 6 Tmax (7)

Equation (8) can be obtained by substituting Equation (6) into Equation (7):

Tmin − Ts 6 λNull(H) 6 Tmax − Ts (8)

Therefore, the range of the possible value of λ can be written as Equation (9):

λmin 6 λ 6 λmax (9)

where

λmin = max
16i64

(
min

16i64
((Ti min − Tis)/Ni, (Ti max − Tis)/Ni)

)
λmax = min

16i64

(
max
16i64

((Ti min − Tis)/Ni, (Ti max − Tis)/Ni)

)
Thus, the cable tension distribution problem has been converted to an optimization

problem, which is shown in Equation (10). F(λ) is the objective function; in this case, we
select the variance among the four load cable tensions as the optimization goal, which is
shown in Equation (11). The variance is one of the critical attributes to measure the stability
of the CAPE, the smaller it is, the fewer differences of all cable tensions, and the more stable
the system is. It is described as the sum of the square of the difference between each cable
tension and E(T). E(T) is the mean value of the four cable tensions. Thus, the cable tension
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distribution algorithm can be interpreted as to select reasonable λ to make the F(λ) obtain
the minimum value: 

min F(λ)
s.t. HT = W

λmin 6 λ 6 λmax

(10)

F(λ) =
1
4

[
4

∑
i=1

(Ti − E(T))2

]
= ξ1λ2 + ξ2λ + ξ3 (11)

where Ti = Tis + λNi, E(T) = ∑4
i=1 Ti/4, ξ1 = Q/4− N2/16, ξ2 = −LN/8, ξ3 = M/4−

L2/16, and the L, M, N, and Q are shown as in Equation (12):
L = T1s + T2s + T3s + T4s

M = T2
1s + T2

2s + T2
3s + T2

4s

N = N1 + N2 + N3 + N4

Q = N2
1 + N2

2 + N2
3 + N2

4

(12)

Thus, ξ1 can be simplified as Equation (13).

ξ1 =
(N1 − N2)

2 + (N1 − N3)
2 + (N1 − N4)

2 + (N2 − N3)
2 + (N2 − N4)

2 + (N3 − N4)
2

16
(13)

Obviously, the value of ξ1 is a non-negative number. Then, the final value of λ written
as λ∗ can be determined by the discussion of the value of ξ1:

(1) If ξ1 > 0, the objective function F(λ) obtains the minimum value when λ = −ξ2/2ξ1;
then, there are three cases:

λ∗ =


λmin if λ < λmin,
−ξ2/2ξ1 if λmin 6 λ 6 λmax,
λmax if λ > λmax.

(14)

(2) If ξ1 = 0, the objective function F(λ) can be written as F(λ) = ξ2λ + ξ3; then, there
are three cases:

λ∗ =


λmin if ξ2 > 0,
λmax if ξ2 < 0,
Not Applicable if ξ2 = 0.

(15)

3.1.2. Tension Controller of Cable Module

In order to exert a desired load force on the astronaut’s body, the cable will passively
follow the movement of astronaut when carrying out exercise, thus the cable will be set in
an uncertain motion, and it should be considered as a disturbance input to the cable module.
The mechanism diagram of cable module considering the movement of the astronaut is
presented in Figure 5, in which u is input voltage of DC torque motor, y0 is the displacement
of the cable, L represents the DC torque motor inductance, R denotes the resistance of the
DC torque motor, r stands for the radius of traction pulley, Jm is the total inertia of traction
pulley and DC torque motor rotor, Bm stands for the motor damping coefficient, Cm is the
torque constant of DC torque motor, Ce is the back-EMF constant of the DC torque motor,
M is the mass of cable, B is the damping coefficient of the cable, and K is the stiffness
constant of the cable, and T is the output tension of the cable module. The mathematical
model of the cable module is shown in Equation (16).

T(s) = M1(s)u(s)−M2(s)V0(s) (16)
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where V0(S) = sY(s), M1 is the forward transfer function, in which T is taken as the output
and u is taken as the input. M2 is the disturbance transfer function, in which T is taken
as the output and V0 is taken as the input. M1 and M2 are presented in Equations (17)
and (18), respectively:

M1 =
Cmr(Ms2 + Bs + K)

JeLs3 + (BeL + JeR)s2 + (BeR + CmCe + KLr2)s + KRr2 (17)

M2 =
(Bs + K)[JMLs2 + (BmL + JmR)s + BmR + CmCe]

JeLs3 + (BeL + JeR)s2 + (BeR + CmCe + KLr2)s + KRr2 (18)

L

Amature circuit

Motor rotor

Traction Pulley

R

i

e

eC

mC

mT

mJ
mB

lT

m

F
M

K

B

Cable Model

0F

y

u

Astronaut

M

  r

0y

Figure 5. Mechanism diagram of cable module.

The tension controller of the cable module is presented in Figure 6. The forward chan-
nel compensator consists of an integral link, a local negative feedback link Gp−lead(s), which
is shown in Equation (19), and a feed-forward link G f f (s). The disturbance compensator
Gcv(s) is designed based on the structure invariance principle as shown in Equation (20):

Gp−lead(s) = Ka

s2

ω2
an
+ 2ξan

s
ωan

+ 1

s2

ω2
ad
+ 2ξad

s
ωad

+ 1
(19)

Gcv(s) =
M2(s)

Gp−lead(s)M1(s)
(20)

−
_ ( )p leadG s_ ( )p leadG s

( )ffG s( )ffG s

( )dF s
iK

s

iK

s

mC

Ls R+u

1

r

2

Bs K

Ms Bs K

+

+ +

1

r

m mJ s B+eC

( )F s
−

+

+

s

Bs K+
cv ( )G s

0 ( )V s( )V s

m

−

+ + −e

Figure 6. Tension controller of the cable module.

3.2. Safety Protection Strategy

As shown in Figure 7a, in running exercise, the projection of the ideal load point P on
the base of the equipment is at the center o. The ideal track of it should be a reciprocating
movement along the z direction. However, in the actual exercise process, the loading point
P usually moves stochastically.
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(a)
 

(b)
 

(c)

Figure 7. (a) ideal track of load position in running exercise; (b) projection of load position on the
base of CAPE; (c) countermeasure strategy for load position offset.

According to the projection of the distance ds between the load point and the z axis,
as shown in Figure 8, the running exercise is divided into three working conditions: normal
working mode, the offset is small, and the load point P is within the ideal workspace Iw,
which is defined as the green circle area with the radius of r1 in Figure 7b; Safe working
mode, the load point P works in the safe workspace Sw which is the yellow ring area
in Figure 7b, the radius of the external circle is r2; in this condition, the load point will
be pulled back to the ideal workspace by the cooperation between the load cables and
protection cables; Emergency stop mode, the offset of the load point P exceeds the safe
workspace—the astronaut might fall or be injured, so emergency stop action should be
taken. In fact, the safety protection policy is equivalent to the switchover of the active and
passive of the CAPE, which is illustrated in Figure 9. The actual position of the load point
is calculated by the length of each cable, and the working mode of the CAPE is determined
by the offset relative to the z-axis; then, the corresponding action will be carried out.

 

Figure 8. Safety protection strategy block diagram of CAPE.
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Figure 9. The passive and active switchover of CAPE.

The ds has two components which are the distance in x direction dx and the distance
in y direction dy as shown in Figure 7c. The CAPE will produce the horizon force R to pull
the load point back if the load point works in the safe workspace (r1 6 ds 6 r2). The force
consists of two parts: the static part is a function of offset D with a stiffness of K, which
is a spring characteristic; the dynamic part is a function of the offset velocity D′ with a
coefficient of B, which is a damp characteristic. Thus, the tension equation of the CAPE
could be rewritten as Equation (21):

x + a
l1

T1 +
x + a

l2
T2 +

x− a
l3

T3 +
x− a

l4
T4 = 0

y + b
l1

T1 +
y− b

l2
T2 +

y− b
l3

T3 +
y + b

l4
T4 = 0

z
l1

T1 +
z
l2

T2 +
z
l3

T3 +
z
l4

T4 +
d− z

l5
T5 +

d− z
l6

T6 = Fload

x + a
l5

T5 +
x− a

l6
T6 = R

x
ds

y
l5

T5 +
y
l6

T6 = R
y
ds

R = i(KD + BhD′)

ds =
√

d2
x + d2

y

D = ds − r1

where


i = 1, if D > 0

i = 0, if D 6 0

h = 1, if D′ > 0

h = 0, if D′ 6 0

(21)

4. Simulation and Experiment of Running Exercise with CAPE

To ensure the safety of the final experiment with a subject, the simulation study was
carried out first to verify the effectiveness of the two-level controller and safety protec-
tion strategy. Then, the experiment with the subject will be conducted to evaluate the
performance of the CAPE.

4.1. Simulation of Running Exercise

The simulation model of running exercise with CAPE is established as shown in
Figure 10 by utilizing Matlab/Simscape. During the CAPE assisted running exercise,
the load point P can be treated as the intersection of the six cables; thus, the astronaut
could be simplified as a particle at P. The particle has six degrees of freedom, namely the
translation of the x, y, and z-axes and the rotation about each axis. CAPE provides the
required load force at the center of the particle.

The forces provided by the astronaut at the particle are demonstrated in Equation (22):
in order to verify the effectiveness of the safety protection strategy, horizontal forces were
added during the particular time duration in the x-direction Fax and y-direction Fay to drag
the particle out of the ideal workspace; Faz is the cosine function about time t. The CAPE
exerted the load force in the z-direction Fz = 100 N at the particle and provided safe
protection. The simulation time was 5 s, the initial position of the load point was (0, 0, 0.7),
and the gravitational acceleration in the environment was 0 m/s2. The two-level controller
in Section 3 was also established in the simulation model. The final simulation results are
shown in Figure 11:
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If t ∈ [0, 0.3], Fax = 20 N; Other, Fax = 0 N

If t ∈ [0.5, 1], Fay = 20 N; Other, Fay = 0 N

Faz = 100 + 20 cos(2πt)N

(22)

 

Figure 10. Simulation model.

 

(a) Projection of load point on o− xy
 

(b) Tension of each cable
 

(c) Load force

Figure 11. Simulation results. (a) projection of load point on the o-xy plane; (b) tension of each cable;
(c) load force.

The track of the load point in o-xyplane is shown in Figure 11a. In the beginning
(0∼2 s), the load point P worked in the ideal workspace, while it was deviating to the safe
workspace which was affected by the horizontal forces that the astronaut applied. When
the load point P entered the safe workspace (2 s), the safety protection strategy was active,
and horizontal forces were provided to pull the load point P back to the ideal workspace.

The tension curves of each cable changed over time are shown in Figure 11b. The max-
imum tension of the load cable was T3 = 71.0672 N; the minimum tension of the load cable
was T1 = 23.9249 N. At the beginning, the load point started moving to the safe workspace
but was still in the ideal workspace, the safety cable tensions were both 0 N. When the load
point moved to the safe workspace, the protection cables shifted to active mode to pull the
load point back. Thus, the maximum tension of the protection cable was T5 = 19.0051 N.
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The force curves along with the time change in x-, y-, and z-directions provided by
the CAPE for astronauts are shown in Figure 11c, Fz was kept at a constant value −100 N.
In the beginning, the Fx and Fy were zero since the load point was in the ideal workspace.
When the load point deviated from the ideal workspace, the protection cables started to
work, with the combination of load cables to generate horizontal force to pull the load
point back. The maximum value of Fx was −4.2116 N and the maximum value of Fy was
−3.2578 N.

4.2. Running Experiment
4.2.1. Implementation of the CAPE

Figure 12 shows the prototype of CAPE, including the isometric view, front view, and
vertical view. The CAPE consists of four load cable modules, two protection cable modules,
driver board, filter circuit, and frame.

 

Figure 12. Prototype of CAPE.

The dSPACE hardware-in-loop simulation platform was employed to carry out the
running experiment. The overall control plan of CAPE is presented in Figure 13, the flow
of CAPE that provided astronaut on-orbit physical exercises can be described as: the host
computer (IPC) sends instructions to the slave computer (STM32) through the dSPACE
CAN interface; then, the driver board will convert the PWM signal to DC voltage by the
power amplifier (PA) circuit to provide power for the torque motor; the cable length and
speed will be recorded and transmitted to the host computer in real-time by the encoder
through the dSPACE interface; at the same time, the cable tension signal will be processed
by the filter circuit (FC) and transmitted to the host computer in real time through the
dSPACE A/D interface; next, by the analysis of the aforementioned real-time information,
the exercise status of the astronaut could be monitored and an appropriate next step
decision could be made by the host computer.

4.2.2. Experiment Platform

The CAPE will eventually be used for the astronaut to carry out exercises in spacecraft;
therefore the best experimental environment should be under microgravity. However,
the common ways to build a microgravity environment on earth are technically difficult,
costly, and usually temporary, like zero-g tower and weightless flight. The main function
of the CAPE is to apply the motor-generated load force on the astronaut’s body, the mass
of the cable is small, which could be neglected. In other words, the change of gravity will
have little impact on the performance of the CAPE. Thus, the running experiment could be
conducted on earth with a gravity of 9.8 m/s2 to verify the effectiveness of the CAPE.
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Figure 13. Overall control plan of CAPE.

The running exercise experiment is shown in Figure 14. A safety belt with a rope
connected to the frame was used to ensure the safety of the subject, and each end of the
cables was also fixed on the safety belt. The minimum tension was set to 15 N in cables 5
and 6 to keep them following the movement of the subject in a tight state. The expected
load is shown in Equation (23). The subject was asked to run on the treadmill with a load
force of 150 N at speed of 1.5 m/s. 

Fx = 0 N

Fy = 0 N

Fz = 150 N

(23)

 

Figure 14. Running experiment.

4.2.3. Data Processing

The root mean square error is also adopted to indicate the accuracy of the system,
as described in Equation (24). T j

ia is the jth actual tension value of cable i in time series

and T j
ie is the jth expected tension value of cable i in time series. n is the number of the Tia.
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The load accuracy is calculated to evaluate the tension tracking performance of each cable
modular, as presented in Equation (25):

RMSE =

√
∑n

j=1(T
j
ia − T j

ie)
2

n
(24)

Load accuracy = (1− RMSE
maxTie

)× 100% (25)

4.2.4. Results

The final experiment results are shown in Figure 15. Figure 15a shows the track of
the load point P in 3D, and Figure 15b illustrates that the load point P stayed in the ideal
workspace during the entire running experiment. The expected and actual load forces
in the z-direction are presented in Figure 15c. The actual Fz essentially agrees with the
expected load force. The actual load force in z fluctuated around 150 N. It should be noted
that the error consists of two parts, the system load error and the impact of vibration caused
by the running movement of the subject. The root mean square error of actual Fz is 6.5770 N
and the load accuracy is 95.62%. This demonstrates that the CAPE can provide a load
for running.

The horizontal forces are shown in Figure 15d, Fx and Fy fluctuated around 3 N and
0 N, respectively. The RMSEs of Fx and Fy are 5.9479 N and 1.5043 N. This indicates that the
horizontal forces are small, which have less impact on running exercise.

The tensions curves of cable 1∼6 are shown in Figure 15e–j. As the load point remained
in an ideal workspace, the expected tensions of cables 5 and 6 were 15 N during the entire
experiment. The RMSEs of each cable tension are 2.5530 N, 2.6252 N, 3.3040 N, 2.9455 N,
2.6220 N, and 3.7572 N. The load accuracies of each cable modular are 95.88%, 95.98%,
94.29%, 94.51%, 82.52%, and 74.95%. In our other study, the load accuracy of cable modular
with PID controller only achieves 37.14%, which can not be used in a practical situation.
The results also show that the accuracy of cable tensions 5 and 6 are much lower compared
to other load cable modules, which is caused by the stiffness of the cable and will lead to
the main part of the error when the cable tension is small. Meanwhile, the bigger the cable
tension, the smaller the proportion of this part in error, thus the load accuracy will rise.

 

(a) Load point
 

(b) Offset of load point
 

(c) Load force Fz

 

(d) Load force Fx , Fy
 

(e) Tension of Cable 1
 

(f) Tension of Cable 2

Figure 15. Cont.
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(g) Tension of Cable 3

 
(h) Tension of Cable 4

 
(i) Tension of Cable 5

 

(j) Tension of Cable 6

Figure 15. Running experiment results. (a) Track of load point; (b) Offset of load point; (c) Load force
Fz; (d) Load force in x and y directions; (e) Tension of Cable 1; (f) Tension of Cable 2; (g) Tension of
Cable 3; (h) Tension of Cable 4; (i) Tension of Cable 5; (j) Tension of Cable 6.

5. Conclusions

In this paper, a cable-driven astronaut on-orbit physical exercise equipment (CAPE)
is described aiming to assist astronauts carrying out multiple physical exercises during
space trips as a countermeasure to the negative effect of microgravity: the structure of the
cable module based on modular design and the configuration of the CAPE are proposed;
Two-level controllers are presented on the basis of the mathematical model of the cable
module, including the cable tension distribution algorithm and tension controller; then, the
safety protection strategy is also designed; the simulation and experiment of the CAPE-
assisted running exercise were carried out. There are several benefits of the CAPE compared
with existing devices: multiple exercise modes; easy to set up; take up less space when
inactive; easy to replace, maintenance and repair; and the function of safety protection.
Both the simulation and experiment results demonstrate: the configuration of the CAPE is
reasonable; the tension distribution algorithm of running exercise is accurate, and smooth
tension distribution can be achieved; it should be noted that the tension accuracy of the cable
module with the controller proposed in Section 3.1.2 is much higher than the precision of
PID controller; the safety protection strategy can effectively monitor the astronaut’s exercise
status and assist the astronaut back to the ideal workspace to keep safe. In conclusion,
the CAPE is economical and space-saving equipment that could assist astronauts to carry
out multiple exercises in a microgravity environment with high-precision load force and
safety protection. This will greatly help astronauts counteract or mitigate the adverse effects
brought by the microgravity environment, maintain the health of bones, muscles, motor
coordination, and heart function, and successfully complete space exploration related tasks.

Our future work will concentrate on improving the control strategy to further increase
the accuracy of the load force and reduce the horizontal force. The cable tension distribution
algorithm of other physical exercises will be conducted and other forms of CAPE assisted
physical exercises experiments will also be carried out. We are also developing a new
prototype to decrease the weight and volume of the CAPE, which will make the uploading
and installation easier.
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