
 

www.astesj.com               8 

 

 

 

 

Simulation Strategy to Enhance Oxygen Uptake and Reaction Forces at Leg Joints and Vertebral Bodies 
During Ergometer Exercise Under Altered Gravity  

Yoshihiko Tagawa*, Masayuki Omoto, Hiroo Matsuse, Naoto Shiba  

School of Medicine, Orthopaedics, Kurume University, 830-0011, Japan 

A R T I C L E  I N F O  A B S T R A C T 
Article history: 
Received: 05 June, 2018  
Accepted: 22 June, 2018  
Online: 02 July, 2018 

 Moderate exercise has been implemented in spaceflight programs to prevent muscle and 
joint damage under extreme circumstances such as microgravity. Although the physical 
effects of exercise have been investigated experimentally, advanced modeling and 
simulation techniques are powerful tools that could provide insight into the physical 
limitations, optimal conditions, and mechanisms that might lead to muscle and joint 
damage. Ergometers are safe for patients and elderly individuals because exercise intensity 
can be easily regulated. Moreover, ergometer exercise that removes the load imposed by 
body weight on leg joints would better reflect training conditions in locations such as the 
International Space Station or on the surfaces of the Moon and Mars, where the force of 
gravity is lower than that on the Earth. A hybrid training system (HTS) that combines the 
electrical stimulation of antagonist muscles and volitional contraction of agonist muscles 
is an effective training method. Co-contractile motions in the HTS can counteract the 
reduced effect of gravitational force on leg joints during ergometer exercise. The present 
study aimed to validate the ability of an ergometer exercise model to measure oxygen uptake 
and joint reaction forces by comparison with experimental results and create strategies for 
electrically stimulating leg joint muscles for modulation under altered gravity. The 
simulation results suggested that the HTS could easily control the magnitude of oxygen 
uptake and joint reaction forces. Optimal cycling conditions to achieve desirable values for 
oxygen uptake and joint reaction forces would help to maintain the health of astronauts and 
appropriate exercise programs could be implemented in constrained space facilities. 
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1. Introduction   

Space exploration and aging induce physical deconditioning. 
Space exploration has been limited so far to a low Earth orbit and 
short visits to the Moon, but deconditioning will become more 
serious after lengthy exposure to microgravity and hypogravity in 
manned spaceflights to Mars and bases there and on the Moon. 
Effective and efficient countermeasures within limited spaces 
such as those in spaceships are indispensable for maintaining 
human health. This report extends the work that was originally 
presented at IEEE EMBC 2017 [1]. 

A method of creating countermeasures against microgravity 
and hypogravity must be established to safely generate effective 
outcomes. Ergometer exercise reduces the load imposed by 
gravitational force on leg joints and the metabolic cost is 

comparable to that of walking on a level surface [2]. This type of 
exercise is beneficial for persons with knee osteoarthritis and 
elderly individuals seeking to engage in cardiovascular training. 
However, such exercise is ineffective for maintaining 
musculoskeletal function during spaceflight because the 
mechanical load provided by aerobic exercise is too low to 
prevent muscle atrophy at 0 g [3]. Preventing bone loss requires a 
compressive load along the bone axis similar to the repetitive 
forces at work during routine activities on the Earth. Astronauts 
are instructed to execute resistance and endurance exercises for 
about two hours and day for six days a week in a combination of 
countermeasures against the effects of microgravity. The 
conflicting requirements of safe aerobic training with less 
intensive loads on leg joints must be satisfied under lengthy 
exposure to microgravity. Creating appropriate experimental 
approaches on the Earth and under microgravity and hypogravity 
is very challenging. 
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Although the effects of exercise on the human body have been 
investigated using mostly experimental approaches, advanced 
modeling and simulation techniques could be powerful tools for 
gaining insight into issues such as human physical limitations, 
forces at joints and forces generated by contracting muscles and 
the optimal conditions for training or exercise. Such techniques 
will help to quantitatively and qualitatively predict the effects of 
exercise under conditions of altered gravity. The present study 
used ergometer exercise models with the AnyBody Modeling 
System (AMS) ver. 6.0.6 (AnyBody Technology A/S, Aalborg, 
Denmark). 

Oxygen uptake and loading on leg joints during ergometer 
exercise have only been examined experimentally. The present 
study aimed to validate an ergometer exercise model over a wide 
range of conditions to estimate oxygen uptake and reaction forces 
at leg joints and vertebral bodies by comparing the outcomes with 
experimental results, to develop a strategy for electrically 
stimulating antagonist muscles of joint motion to modulate 
oxygen uptake and joint loading under altered gravity, and to 
determine optimal conditions to satisfy conflicting requirements. 
A hybrid training system (HTS) that combines the electrical 
stimulation and volitional contraction of antagonist and agonist 
muscles, respectively, is an effective type of training [4] even for 
upper limbs under microgravity [5]. Co-contractile motions in the 
HTS can counteract the reduced effect of the gravitational force 
on leg joints during ergometer exercise.  

2. Simulation Models for Ergometer Exercise  

The musculoskeletal model in the AMS replicates a 50th 
percentile European male with a mass of 75 kg and a height of 
1.76 m, respectively [6]. We modified the muscle activity function 
and muscle strength of “BikeModel” [7] in the AnyBody 
Managed Model Repository (AMMR ver.1.6.3) to construct a 
conventional ergometer (CER) exercise model with the HTS and 
reduced muscle strength. A seated model was constructed from the 
“StandingModel” based on the “BikeModel” and 
“LegPressMachine” in the AMMR ver.1.6.3 for recumbent 
ergometer (RER) exercise. Figure 1 shows both models that can 
simulate cycling with electrical stimulation of muscles around the 
leg joints based on the HTS concept and reduced muscle strength 
to represent weakened muscles. External forces and moments 
were applied to the thorax to maintain upper body posture while 
cycling on the CER model, even though the model lacks arms. In 
the RER model, a constant force of 56 N was applied to both 
anterior superior iliac spines to fix the pelvis on the seat of the 
ergometer. Friction forces (static friction coefficient of 0.6) 
between the surfaces of the backrest and the thoracic region, and 
between the gluteus region and the seat were also assumed instead 
of external forces and moments at the thorax. Thus, a person using 
the RER could exercise even at a gravitational acceleration < 1 g 
(9.81 m/s2) on the Earth. The relative positions of the hip joint and 
crank axis of the RER were determined to mimic that of the CER. 
The ankle plantar angle on the RER was obtained experimentally 
from our recumbent ergometer cycling with a position mimicking 
that of CER exercise at a pedal rate of 60 rpm and a mechanical 
load of 60 W. The leg joint angles of both models became similar 
(Figure 2). A crank torque on the pedal of the RER has a phase 
shift of quarter cycle of a crank torque on that of the CER. 

The amount of oxygen uptake during exercise on the models 
can be derived from the caloric equivalent of oxygen [8] required 
for muscle power. The simulation results included oxygen uptake 
of 3.5 ml/kg/min at rest only when compared with the 
experimental results that were plotted with reference to regression 
equations derived from the literature. 

Recruitment patterns in a redundant muscle system such as the 
human body are produced based on optimal methods to minimize 
an objective function and they consist of the ratio of muscle force 
to maximal muscle force; that is, muscle activity. The AnyBody 
system offers min/max criteria for muscle recruitment [9]: the 
largest endurance for a task or identical activation of all muscles 
contributes positively to balancing external force, thus 
minimizing maximal muscle activity as 
much as possible when muscles work together. This would be a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

physiological criterion for minimal fatigue [10]. We combined the 
quadratic term of muscle activity with the objective function. A 
Hill-type muscle model [11] was adopted for the leg of the 
exercise model. 

Figure 1. Simulation models for ergometer cycling with hybrid training 
system (HTS) and reduced muscle strength. (a) Conventional ergometer 
(CER) from “BikeModel” in the AnyBody Managed Model Repository 
(AMMR ver.1.6.3). (b) Recumbent ergometer (RER) constructed from 
CER with backrest angle of 130° and seat tilt of 15°. 
 

(b)  

(a)  
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Figure 2. Comparisons of leg joint angles between conventional ergometer 
(CER) and recumbent ergometer (RER) exercise at pedal rate of 60 rpm. 
(a) Ankle plantar flexion vs. knee flexion. (b) Knee flexion vs. hip flexion. 
T, pedaling duration. At time 0, the right foot is located at highest point. 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Validation of Ergometer Exercise Models  

Volitional CER (VCER) and volitional RER (VRER) exercise 
models were validated based on comparisons with experimental 
results on the Earth. The saddle height and position were set to 0.78 
m superior and 0.17 m posterior from the crank axis on the VCER. 
The center of the hip joint was positioned 0.77 m posterior and 
0.15 m inferior from the crank axis on the VRER. The length of 
both cranks was 0.17 m. The effect of the HTS combined with the 
CER (HCER) was also investigated.  

3.1. VCER Exercise at 1 g 

The pedal rate and mechanical load of the VCER exercise 
model were varied with expanded experimental ranges. Figure 3 
and 4 show oxygen uptake (ml/kg/min) at a pedal rate of 60 rpm 
under variable mechanical loads, and at defined mechanical loads 
of 81.7 and 0 W under different pedal rates, respectively. The 

simulation results shown in Figure 3 closely agreed with the 
experimental results [12] and increased linearly as mechanical 
load increased. The simulation results shown in Figure 4 were 
also similar to the experimental results [13,14] and increased  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nonlinearly, showing quadratic curves as the pedal rate increased. 
Oxygen uptake will consistently increase beyond the upper limit 
of the experimental range.  

The maximum magnitude of resultant forces at the knee joint 
during cycling has been measured using instrumented knee 
implants in elderly individuals who were free of pain and 
physically active after total knee replacement (TKR) [2]. We 

+
t = 0, T

+t = 0, T

CER
RER

Pedal rate: 60 rpm

(a)   

Figure 4. Oxygen uptake during volitional conventional ergometer (VCER) 
exercise under various mechanical loads (0 and 81.7 W) and pedal rates. 
Unfilled and filled symbols indicate simulated and experimental results, 
respectively. Tokui and Seabury, oxygen uptake data from [13] and [14]. 
 

Figure 3. Oxygen uptake during volitional conventional ergometer (VCER) 
exercise at a pedal rate of 60 rpm under various mechanical loads. Unfilled 
and filled symbols indicate simulated and experimental results, 
respectively. Omoto, oxygen uptake data from [12]. 
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VCER
VRER

assumed 25% less muscle strength in the leg of the VCER 
exercise model with the muscle recruitment criterion of combined 
min/max and quadratic forms of muscle activity for comparisons 
with measured results. The simulated magnitude of the reaction 
force was reduced by approximately 10% of that using 100% 
muscle strength in the model. Moreover, the saddle height was set 
to 0.815 m, which mimicked the experimental conditions [2]. The 
simulated knee joint force closely agreed with the experimental 
findings of elderly individuals who engaged in ergometer exercise 
with an increasing mechanical load (Figure 5). The slow pedal 
rate resulted in a larger knee joint force. The increase in knee joint 
reaction force might be consistent with that above the 
experimental range. 

The similar findings of these comparisons supported the 
validity and reliability of the ergometer exercise model except 
when values were beyond the lower limit of the experimental 
range. Little is known about ergometer exercise experiments at 
lower mechanical loads and pedal rates. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

3.2. VRER Exercise at 1 g 

Although both models had similar angles of leg joints, the 
upper body in the CER was dropped forwards and the body in the 
RER was inclined backwards (recumbent). Mean oxygen uptake 
at a pedal rate of 75 rpm in both positions was essentially identical 
at the same mechanical load [15]. Consumption tended to increase 
at higher loads in the recumbent position [15]. Simulated oxygen 
uptake in the VCER and VRER models was compared from the 
perspective of different mechanical loads and pedal rates (Figure 
6.) 

The difference in oxygen uptake between the two types of 
exercise rapidly increased as pedal rates increased, with oxygen 

uptake being higher for VRER, than VCER exercise. Further 
investigation is needed to validate the effect of RER exercise on 
the body. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. HCER Exercise at 1 g 

The HTS was applied to the leg joints during ergometer 
exercise using the same leg motion as that used for volitional 
cycling. Stimulation intensities on the quadriceps femoris and 
hamstrings of the simulation model were determined at 1% and 5% 
of the maximum muscle activity, respectively, using the lower 
boundary of the muscle activity function in AnyBody. Stimulation 
that can fully activate assigned antagonist muscles at a specific 
intensity is ideal, unlike the actual situation during surface 
electrical stimulation (SES) [16-19]. The results of the simulation 
with low-intensity HTS closely agreed with the experimental 
findings of high-intensity SES (Figure 7). Additional effects of 
stimulation at intensities of 10%, 2% and 10% to the 
gastrocnemius, soleus, and tibialis anterior, respectively, were 
simulated to induce more oxygen uptake. At a pedal rate of 60 
rpm (1-s cycle time), the antagonist muscles of the right knee 
during extension and flexion at the knee joint were stimulated for 
specific durations when knee angular velocities were > 2.0 and < 
–2.0 rad/s, respectively. These durations corresponded to 34% of 
the cycle time. The threshold of angular velocity of the plantar 
flexion angle of the right ankle was set to 1.0 rad/s, the 
corresponding duration of which was 26% of the cycle duration. 
The onset of stimulation on the left knee and ankle joints shifted 
half a cycle. The stimulus durations at all pedal rates were kept 
constant by adjusting the angular velocity setpoint according to 
the rate. 

The increased oxygen uptake in the HCER was caused mainly 
by muscle co-contraction at the knee and ankle joints. The HCER 
linearly increased oxygen uptake, and the additional stimulation 
of muscles at the ankle joint similarly increased oxygen uptake. 

Figure 6. Comparison of simulated oxygen uptake during volitional 
conventional (VCER) and recumbent (VRER) ergometer exercise under 
different mechanical loads and pedal rates. Solid and dotted lines indicate 
VCER and VRER exercise, respectively. More oxygen was consumed 
during VRER than VCER exercise. Both results increased linearly 
according to increasing mechanical load and nonlinearly according to 
increasing pedal rate. 
 

Figure 5. Comparison of experimental and simulated results of knee joint 
reaction force during volitional conventional ergometer (VCER) exercise 
under various mechanical loads and pedal rates of 40 and 60 rpm. Reaction 
force is maximum magnitude of force normalized by body weight. Saddle 
height in simulation was set to 0.815 m to mimic experimental condition. 
Kutzner, joint reaction force data from [2]. 
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The increase in oxygen uptake with the HTS shows that the HCER 
can achieve the same exercise intensity as the VCER at higher 
mechanical loads. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

4. Prediction Under Altered Gravity 

The simulation and experimental results at the acceleration of 
gravity on the Earth closely agreed. The effects of different 
accelerations of gravity, such as microgravity in spaceships and 
hypogravity on the surfaces of Mars and the Moon, on the human 
body must be considered for safe space exploration, maintaining 
health under altered gravity, and returning smoothly to activities of 
daily life (ADL) on the Earth. Good agreement will support 
various predictions under altered gravity. 

4.1. Oxygen Uptake During VCER and VRER Exercise Under 
Altered Gravity  

The amounts of oxygen uptake at 0 g under mechanical loads 
of 60 and 120 W were essentially identical for each exercise. As 
gravity increased, oxygen consumption assumed a concave form 
during VCER exercise and a moderately concave form at both 
loads during VRER exercise. Although oxygen uptake varied, but 
the difference remained the same independently of gravity [20]. 
The lower oxygen uptake for the VCER and VRER ranged from 
0.7 to 1.2 g and was dependent to some degree on mechanical load 
(Figure 8). The range of moderate gravity seemed to play assistive 
and resistive roles in the opposite leg for efficient oxygen 
consumption. Oxygen uptake during VCER exercise under 
varying gravitational acceleration became more concave than that 
while on the VRER. This might have been due to the different 
structure between the VCER and VRER; namely, the coordination 
of muscle activities of both legs is enhanced to maintain the pelvis 

position and steady cycling on the VCER under hypo- and 
hypergravity, respectively. In contrast, the backrest of the RER 
seat supports a reaction against the forward pushing force on the 
pedal of the VRER and restrained activities of lower limb muscles 
at hypergravity.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
4.2. Oxygen Uptake and Joint Reaction Force During VCER and 

VRER Exercise at 0 g  

Oxygen uptake and the maximum magnitude of leg joint 
reaction forces that were normalized by body weight in the model, 
increased linearly with increasing mechanical load during VCER 
(Figure 9) and VRER exercise (Figure 10). Oxygen uptake and 
joint reaction forces at the knee and hip joints during VCER 
exercise were larger overall at 0 g (dotted lines) compared with 
those at 1 g (solid lines). Knee reaction force during VRER 
exercise was larger overall at 0 g than at 1 g, and oxygen uptake 
slightly increased with moderate variations under altered gravity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 9. Comparison of joint reaction forces and oxygen uptake between 1 
g (solid line) and 0 g (dotted line) during volitional conventional ergometer 
(VCER) exercise at pedal rate of 60 rpm. Joint reaction force is maximum 
magnitude of force normalized by body weight. V̇O2, oxygen uptake. 

Figure 7. Comparison of simulated and experimental results of oxygen 
uptake during volitional conventional ergometer (VCER) exercise and 
hybrid training system (HTS) combined with conventional ergometer 
(HCER) exercise under different mechanical loads at pedal rate of 60 rpm. 
Solid line, HTS acting on knee joint; dotted line, HTS acting on ankle and 
knee joints. Unfilled and filled symbols indicate simulated and experimental 
results, respectively. Omoto, oxygen uptake data from [12]. 
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4.3. Compensatory Actions During VCER Exercise at 0 g  

The vertical component of the pedal reaction force became 
reduced and the horizontal component increased at 0 g (Figure 11), 
and the resultant pedal reaction force was lower than that at 1 g. 
The simulated force perpendicular to the crank (effective force) in 
the sagittal plane during VCER exercise was lower at 0 g with a 
pedal rate of 60 rpm and a mechanical load of 60 W than that at 1 
g (Figure 12). 

Muscles in the leg are activated to compensate for 
gravitational loss (Figure 13). Muscle force and joint reaction 
forces increase at 0 g and the increase in oxygen uptake was 
enhanced. The compensatory actions were smaller in the VRER 
than in the VCER, but the trends were similar. 

 
4.4. Effect of HTS on Ergometer Exercise at 0 g 

Figure 14 shows the simulation results of oxygen uptake and 
knee joint reaction force during HCER exercise at 0 g with a 
mechanical load and two pedal rates corresponding to the 
experiment shown in Figure 5 at 1 g. The stimulation intensity 
was 10% and 20% of the maximum muscle activity of the 
quadriceps femoris and hamstrings, respectively. The oxygen 
uptake during VCER at 0 g varied linearly and increased at a 
pedal rate of 60 rpm.  

Oxygen uptake under HTS will vary linearly with the 
same increment at mechanical loads that exceed the upper limit of 
the experimental range (similar to what is shown in Figure 9 for 
the VCER). The maximum magnitude of knee joint reaction 
forces during HCER exercise was over 3-fold body weight, which 
was much larger than the experimental and simulation results 
within the range of the mechanical load shown in Figure 15. 

We confirmed the effects of the HTS on the reaction forces at 
leg joints over the mechanical load range of the experiment 
(Figure 15). The quadriceps femoris and hamstrings were 
stimulated at the same intensity as that shown in Figure 14. The 
maximum magnitude of resultant reaction forces induced at the 
knee and hip joints were ≥ 3-fold body weight and equivalent at 
least to the maximum at a mechanical load of 200 W during 
VCER exercise at 0 g (Figure 9). The maximum reaction forces at 
the leg joints at 40 rpm were essentially larger than those at 60 
rpm. 
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Figure 10. Comparison of joint reaction forces and oxygen uptake between 
1 g (solid line) and 0 g (dotted line) during volitional recumbent ergometer 
(VRER) exercise at pedal rate of 60 rpm. Joint reaction force is maximum 
magnitude of force normalized by body weight. V̇O2, oxygen uptake. 
 

Figure 11. Comparison of pedal reaction forces between 1 g (filled symbols) 
and 0 g (unfilled symbols) during volitional conventional ergometer (VCER) 
exercise at a pedal rate of 60 rpm and mechanical load of 60 W. Pedal 
reaction force is shown in horizontal and vertical components, normalized 
by body weight. Gray symbol, lowest point of pedal. 
 

Figure 12. Comparison of effective force between 1 g (solid line) and 0 g 
(dotted line) during volitional recumbent ergometer (VCER) exercise at 
pedal rate of 60 rpm and mechanical load of 60 W. Effective force 
perpendicular to crank, normalized by body weight. 
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The HTS increased the amount of oxygen uptake and knee 
joint reaction forces. The simulated results of oxygen uptake and 
knee joint reaction force during VCER and HCER exercise at 0 g 
were comprehensively compared under various mechanical loads 
and pedal rates (Figures 16 and 17, respectively). The amount of 
variation in the incremental pedal rate was contradictory. The 
quadriceps femoris and hamstrings of the HCER model were 
stimulated at intensities of 10% and 20% of the maximum muscle 
activity, respectively. 

 

 

The optimal cycling conditions of mechanical load and pedal 
rate required to achieve a specific intensity and knee joint reaction 
force can be determined by minimizing the objective function, f 
(1). Table 1 shows the calculated optimal values for VCER and 
HCER exercise at 0 g. The reaction force was normalized by the 
body weight of the model. 
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pedal rate of 60 rpm and mechanical load of 60 W. Force is averaged during one cycle, normalized by body weight. Mean, average of mean muscle force of leg at 
0 g and became larger than that at 1 g. Abbreviations: Gas, gastrocnemius; GLMa, gluteus medius; GLMe, gluteus medius; GLMi, gluteus minimus; LHam, lateral 
hamstrings; MHam, medial hamstrings; RF, rectus femoris; Sol, soleus; TA, tibialis anterior; TP, tibialis posterior; VI, vastus intermedius; VL, vastus lateralis; VM, 
vastus medialis. 
 

Figure 14. Comparison of knee joint reaction force and oxygen uptake at 0 
g during volitional conventional ergometer (VCER) exercise and hybrid 
training system (HTS) combined with conventional ergometer (HCER) 
exercise under various mechanical loads and pedal rates of 40 and 60 rpm. 
Joint reaction force is maximum magnitude of force normalized by body 
weight. V̇O2, oxygen uptake. 
 

Figure 15. Comparison of joint reaction forces at 0 g during hybrid training 
system (HTS) combined with conventional ergometer (HCER) exercise 
under different mechanical loads and pedal rates of 40 and 60 rpm. Joint 
reaction force is maximum magnitude of force normalized by body weight. 
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Table 1.  Optimal cycling conditions for VCER and HCER at 0 g 

 

 

 

Oxygen uptake and joint reaction forces were simulated by 
altering the rotational velocity of the RER model at 0 g, a pedal 
rate of 60 rpm and a mechanical load of 60 W (Figure 18). We 
assumed that the upper limb in this model reflected the force of 
artificial gravity at a fixed shoulder joint. The rotational axis Z 
was set to pass close to both ears. The RER rotated at a constant 
angular velocity at increments of 90 deg/s from 0 to 450 deg/s. 
The centrifugal acceleration of the origin of the human ergometer 
frame at each velocity (o-xyz), was 0, 0.16, 0.65, 1.45, 2.59, and 
4.04 g. The HTS was introduced at the knee and ankle joints to 
increase oxygen uptake and joint reaction forces at the ankle, knee, 
and hip joints. 

Figure 19 shows the maximum magnitude of resultant forces 
between adjacent vertebral bodies located below the 12th thoracic 
vertebra. The resultant forces were greater during the HTS 
combined with the RER (HRER) than VRER exercise at angular 
velocities of 0 and 90 deg/s. Both results increased quadratically 
with increases in the angular velocity of the human ergometer 
system, in which the respective artificial gravity of which was 
quadratically proportional to the angular velocity. The resultant 
forces between adjacent vertebral bodies remarkably increased 
with increasing artificial gravity to > 360 deg/s that generated a 
centrifugal acceleration of 2.59 g, and were close to the resultant 
forces that are generated when walking on a level surface [21]. 

VCER
HCER

VCER
HCER

X

Y

Z y

xz

Figure 16. Simulated results of oxygen uptake at 0 g during volitional 
conventional ergometer (VCER) exercise and the hybrid training system (HTS) 
combined with conventional ergometer (HCER) exercise under various 
mechanical loads and pedal rates. Solid and dotted lines, VCER and HCER 
exercise, respectively. More oxygen was consumed during HCER than VCER 
exercise.  

Figure 17. Simulated results of knee joint reaction at 0 g during volitional 
conventional ergometer (VCER) exercise and the hybrid training system 
(HTS) combined with conventional ergometer (HCER) exercise under 
various mechanical loads and pedal rates. Solid and dotted lines, VCER and 
HCER exercise, respectively. Knee joint reaction force is greater at lower 
pedal rate and greater mechanical load in both exercises. Joint reaction force 
is maximum magnitude of force normalized by body weight. 

Model 

Optimal cycling 
conditions 

Desired / 
realized values 

Mechanical 
load [W] 

Pedal rate 
[rpm] 

Oxygen 
uptake 

[ml/kg/min] 

Reaction 
force at knee 

joint [-] 
VCER 120 42.5 20/20 3.0/3.0 
HCER 54.9 35.2 20/20 3.0/3.2 
VCER 182 61.7 30/30 3.0/3.0 
HCER 92.7 48.0 30/30 3.0/3.3 
VCER 243 77.7 40/40 3.0/3.0 
HCER 133 59.6 40/40 3.0/3.4 

HCER, hybrid training system combined with conventional ergometer; VCER, 
volitional conventional ergometer 

Figure 18. Human-ergometer system. System rotates about the Z axis of O-
XYZ. O-XYZ, inertial frame; o-xyz, frame of human-ergometer system 
with origin at pelvis. 

(1) 𝑓𝑓 = 𝑤𝑤1�𝑉̇𝑉𝑂𝑂2,𝑚𝑚 −  𝑉̇𝑉𝑂𝑂2,𝑑𝑑�
2 + 𝑤𝑤2�𝐹𝐹𝐾𝐾𝐾𝐾,𝑚𝑚 −  𝐹𝐹𝐾𝐾𝐾𝐾,𝑑𝑑�

2
 

𝑉̇𝑉𝑂𝑂2,∗: oxygen uptake,   𝐹𝐹𝐾𝐾𝐾𝐾,∗: reaction force at knee joint normalized  
by the body weight of the model,  *: m, model; d, desired value, 
w1, w2: weight coefficients 
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5. Discussion 

Human in an environment with microgravity will experience 
disuse atrophy, resulting in the loss of mass and strength in 
muscles and bones. Exercise under such extreme circumstances 
has been examined and moderate exercise intensity has been 
implemented in spaceflight programs. Conventional ergometer 
cycling is a safe type of exercise that is easily implemented, 
because the exercise intensity can be controlled. Advanced 
modeling and simulation techniques are powerful tools that can 
provide insight into the physical limitations, optimal conditions, 
and mechanisms that might lead to muscle and joint damage 
instead of experimental approaches under extreme environments. 
Few studies have applied mathematical modeling and 
experimental approaches to determine joint reaction forces while 
walking [22] and oxygen uptake during ergometer exercise [20]  

 

 

The cycling exercise model was constructed by modifying a 
commercially available bicycle model to simulate oxygen uptake 
during HTS cycling at 1 g and 0 g. The simulated oxygen uptake 
during VCER and HCER exercise at 1 g closely agreed with the 
experimental results described in [12] (Figure 7). Mean oxygen 
uptake at a pedal rate of 75 rpm in dropped forward and recumbent 
positions is essentially identical at the same mechanical load, but 
slightly increased at higher loads in the recumbent position [15]. 
Since we confirmed the same tendency in the VRER (Figure 6), 
several features of RER exercise predicted by simulation seemed 
acceptable. Oxygen uptake in hypergravity was lower during 
VRER than VCER exercise. This might have been due to the 
coordination of muscle activities in both legs being enhanced to 
maintain the steady crank rotation during VCER exercise, 
whereas reaction force generated from the back rest contributes to 
adjust the moment at the leg joints in the VRER. Consequently, 
the mean muscle forces of the legs in the VRER at hypergravity 
of 3 g became moderate and averaged far less than those in the 
VCER (Figure 21). Large muscle forces of the soleus (one-joint 
muscle across the ankle) were generated to balance the large pedal 
reaction forces at high gravitational and centrifugal acceleration. 
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Figure 19. Comparison of peak resultant forces between adjacent vertebral 
bodies during volitional recumbent ergometer (VRER) exercise and the 
hybrid training system combined with recumbent ergometer (HRER) 
exercise at 0 g, a pedal rate of 60 rpm and mechanical load of 60 W. Solid 
and dotted lines, VRER and HRER exercise, respectively. Reaction force is 
the maximum magnitude of the force, normalized by body weight. 
Stimulation intensity, 10%, 20%, 20%, 4% and 20% at quadriceps, 
hamstrings, gastrocnemius, soleus and tibialis anterior, respectively. L5Sac, 
between 5th lumbar spine and sacrum; LiLi+1, between ith and (i+1)th 
lumber vertebrae (i = 2,3,4); T12L1, between 12th thoracic and 1st lumbar 
vertebrae. 
 

Figure 20. Comparison of peak joint reaction forces and oxygen uptake 
during volitional recumbent ergometer (VRER) exercise and the hybrid 
training system combined with recumbent ergometer (HRER) exercise at 0 
g, pedal rate of 60 rpm and mechanical load of 60 W. Solid and dotted lines, 
VRER and HRER exercise, respectively. Mean, average of mean leg muscle 
forces. Stimulation intensity, 10%, 20%, 20%, 4% and 20% at quadriceps, 
hamstrings, gastrocnemius, soleus and tibialis anterior, respectively. Joint 
reaction force is maximum magnitude of force, normalized by body weight. 
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The resultant pedal reaction force at 0 g was lower than that at 
1 g (Figure 11). The effective force during VCER exercise with a 
pedal rate of 60 rpm and a mechanical load of 60 W was less at 0 
g than at 1 g (Figure 12). The effective and resultant forces at 0 g 
will be decreased by compensatory actions of the loss of function 
due to zero gravity to maintain a specific pedal rate against an 
external mechanical load. Activated muscles in the leg at 0 g 
(Figure 13) are associated with such compensation. Effective and 
resultant forces decreased when elderly persons pedaled on the 
ground at 1 g compared with younger persons 
under the same cycling conditions [24]. Knee joint reaction 
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Figure 21. Comparison of mean leg muscle forces during volitional conventional (VCER, filled bars) and volitional recumbent (VRER, unfilled bars) ergometer 
exercise at 3 g, a pedal rate of 60 rpm and mechanical load of 60 W. Force was averaged during one cycle, normalized by body weight. Abbreviations: Gas, 
gastrocnemius; GLMa, gluteus medius; GLMe, gluteus medius; GLMi, gluteus minimus; LHam, lateral hamstrings; MHam, medial hamstrings; RF, rectus 
femoris; Sol, soleus; TA, tibialis anterior; TP, tibialis posterior; VI, vastus intermedius; VL, vastus lateralis; VM, vastus medialis. 

Figure 22. Comparison of pedal reaction forces between 100% muscle 
strength (filled symbols) and 75% muscle strength (unfilled symbols) of 
volitional conventional ergometer (VCER) exercise at 1 g, a pedal rate of 60 
rpm and mechanical load of 60 W. Joint reaction force is shown in horizontal 
and vertical components, normalized by body weight. Gray symbol, lowest 
pedal position. 
 

Figure 23. Comparison of effective force between 100% muscle strength 
(solid line) and 75% muscle strength (dotted line) of volitional conventional 
ergometer (VCER) exercise at 1 g, a pedal rate of 60 rpm and mechanical 
load of 60 W. Joint reaction force normalized by body weight is shown in 
horizontal and vertical components. 
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forces in elderly individuals (n = 9; age, 62–76 years) during 
ergometer cycling 15 months after TKR were measured [2]. 
Simulated VCER exercise at 1 g with leg muscles weakened to 
mimic elderly persons after TKR agreed with their experimental 
findings (Figure 5). Moreover, we confirmed the same decreasing 
trend in the kinetics of pedal reaction force in VCER exercise at 
1 g with weakened muscles of the leg (Figures 22 and 23). 
Comparisons between experimental and simulation results can 
indicate different compensatory actions between VCER with full 
muscle strength at 0 g and reduced muscle strength at 1 g. 

From the perspective of physical adaptation, it is interesting 
that decreases in the magnitude of effective and resultant forces 
showed an identical trend during ergometer cycling by elderly 
persons at 1 g and healthy persons at 0 g. A loss of function in 
external factors such as a weightless environment should be 
compensated to realize the same motion on the Earth. The internal 
factor of weakened muscles will require elderly persons to choose 
different compensation methods, such as muscle coactivation [25]. 

A compressive load along the bone axis coupled with some 
high-force impulsive loading is generally required to maintain 
bone health. The following effects of repetitions per day for six 
weeks using an identical load on the ulna of mature turkeys were 
indicated [26]: a minimal number of repetitions is required to 
prevent bone loss, a greater number of repetitions is required to 
gradually increase bone formation, and even with an increase in 
the number of repetitions, there is a specific number of repetitions 
that shows no significant difference in bone formation. From a 
response relationship between peak strain magnitude and changes 
in ulnar bone mass in mature turkeys, the minimal effective strain 
to prevent bone loss was identified [27]. The effects of disuse, 
adaptation, mild overload and pathological overload on the 
strength of load-bearing bones were associated with the 
magnitude of strain [28]. The effects of both the number of 
repetitions and of the magnitude of joint reaction forces caused by 
muscle contraction force, external force, and virtual gravity on 
body elements must be considered under microgravity and 
hypogravity. 

Astronauts are at high risk for bone fracture, especially during 
exposure to the stresses of re-entry into the atmosphere of the 
Earth after a long period of weightlessness [3]. Ergometer 
exercise can reduce the load imposed by gravitational force on the 
leg joints with a metabolic cost comparable to that of walking on 
the Earth [2]. This type of exercise is beneficial for persons with 
knee osteoarthritis and elderly individuals planning to engage in 
cardiovascular training but not for persons who are exposed to 
long periods of weightlessness. Fortunately, the HTS is compact, 
and should become a useful countermeasure to induce coactivated 
muscle activity during ergometer exercise. It allows repeated high 
loading on bones during long-term weightlessness (Figures 15, 17 
and 20), which will elicit adaptive bone remodeling. 

The great trochanter becomes highly deconditioned during 
long space flights [29]. Young males have undergone unilateral 
lower leg suspension (ULLS) for four weeks in a model of a 
weightless environment [30,31]. We conducted a ULLS 
experiment that included a healthy man with one foot completely 
weight-free, and a ULLS+HTS experiment involving four healthy 
men. The HTS electrical stimulation was applied to the quadriceps 

and hamstrings for 16 min three times a week while seated. 
Deconditioning of the hip at the femoral neck and greater 
trochanter was prevented. We confirmed the activities of the 
abductor, gluteus medius and minimus muscles attached to the 
greater trochanter using electromyography. Muscle activities of 
the gluteus medius and minimus muscles were simulated at 0 g 
and 1 g during VCER exercise (Figure 13), which elicited more 
activity of the vastus lateralis and rectus femoris of the knee 
extensor at 0 g than at 1 g, whereas the activity of the hip abductor 
at 0 g considerably decreased. Applying HTS stimulation to the 
quadriceps and the hamstring at intensities of 10% and 20%, 
respectively, recovered mean muscle forces induced by the 
gluteus minimus and medius 4.5- and 2.5-fold, respectively, 
compared with the absence of HTS stimulation at 0 g. Much larger 
loading will improve the reduced mineral density of the greater 
trochanter at 0 g. 

Centrifugal acceleration is a physical phenomenon that might 
serve as an alternative to gravitational acceleration, and it is 
referred to as artificial gravity. Because the primary factor 
affecting physical deconditioning during spaceflight is the loss of 
gravitational loading and stimulation, the most effective physical 
countermeasure would be to introduce gravity [3]. Thus, artificial 
gravity generated by centrifugal acceleration has been studied. 
However, joint reaction forces in a rotating human-ergometer 
have not been analyzed from the viewpoint of preventing bone 
loss and reduced muscle strength. We examined oxygen uptake 
and joint reaction forces with altered rotational motion of the RER 
model while cycling at a pedal rate of 60 rpm and a mechanical 
load of 60 W (Figure 18). The resultant force on each vertebral 
body (Figure 19) at a rotating velocity > 360 deg/s was close to 
the results of walking on a level surface at 1 g [21], independently 
of the effects of HTS stimulation of the leg muscle. The eccentric 
force of the soleus at higher artificial gravity far exceeded the 
lower boundary force of the soleus induced by the HTS. The HTS 
affected the level of reaction forces at all leg joints whereas 
artificial gravity did not affect those at the knee and hip joints 
(Figure 20). Stimulation of the ankle joint increased oxygen 
uptake during HCER exercise at 1 g (Figure 7) as well as reaction 
force on the ankle joint (Figure 20). Intensive contractions of the 
gastrocnemius and the soleus muscles induced by the HTS will 
prevent the loss of bone density in the calcaneus. 

An optimal method enabled the determination from 
conflicting characteristics, of the pedal rate and mechanical load 
during ergometer cycling that generates exercise intensity and 
loads on leg joints equivalent to those extant during daily physical 
activities on the Earth. Optimal cycling conditions were simulated 
to generate specific values for oxygen uptake and knee joint 
reaction force at 0 g under the constraints of using specific values 
for oxygen uptake as an index of aerobic and resistive exercise 
intensity, and of the knee-joint reaction force required to maintain 
bone mass and strength. The validity of the cycling exercise 
model with the HTS for oxygen uptake at 1 g was shown by 
comparisons between simulated and experimental results (Figure 
7). The simulated optimal cycling conditions showed that muscle 
co-contraction during the HTS cycling under microgravity, which 
decreases both the pedal rate and mechanical load on the 
ergometer pedal (Table 1), can offer a strategy to decide the most 
effective training conditions derived from various combinations. 
This is an advantage for the operational demands of space vehicles 
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or isolated bases located far from the Earth to maintain human 
health with time constraints and minimal environmental 
disruption. 

 

 
Less oxygen is uptaken under experimental microgravity than 

on the Earth [20], which reflects lower metabolic internal power. 
The experiment was repeated during a 180-day flight aboard the 
Mir station. Long-term exposure to weightlessness resulted in 
physiological deconditioning, and crews underwent repeated 
measurements under deconditioning. The oxygen uptake in 
Figure 9 was simulated under a healthy physical condition. To 
compare with the experiment under long-term exposure to 
microgravity, weakened muscle was assumed in the VCER and 
VRER models as follows.  

An oxygen uptake of 40 ml/kg/min in the simulation is 
approximately 84% of the mean maximal oxygen uptake in 
healthy adult males (age, 20-31 years) during ergometer exercise 
at 1 g [33]. Having 3-fold body weight in the simulated and 
desired reaction forces at the knee joint and the simulated reaction 
forces at the hip joint approximates the measured maximum 
magnitude of resultant forces at the knee joint during level 
walking in vivo at 1 g [34,35] and at the hip joint [35,36], 
respectively. 

6. Conclusions 

The validity of the ergometer exercise models was proven by 
comparisons with experimental findings. Model analysis provided 
perspectives even with widely varying parameters and altered 
exercise conditions. The HTS principle with exercise predicted an 
effective countermeasure to prevent deconditioning during 
lengthy exposure to microgravity. This approach will support 
future travel to Mars and will offer a benefit against hypogravity 
on the surfaces of the Moon and Mars. An optimal method could 
provide a better alternative to prevent deconditioning considering 
exercise intensity and loads on joints induced by daily activities 
at 1 g and operational demands in isolated equipment and facilities 
located far from the Earth. 

This simulation was limited by the fixed leg angles and 
oxygen uptake, even under altered conditions of cycling and 
gravity. Leg angles during closed kinematic exercise such as 
cycling on an ergometer change according to age [24] and pedal 
rate [37]. The entire body including the cardiovascular and 
pulmonary systems undergoes deconditioning in microgravity [3], 
which alters the muscle fiber component ratio [38]. Open 
kinematic exercise such as knee and ankle joint flexion and 
extension does not require an ergometer or coordination between 
both legs during cycling. This exercise combined with the HTS 
will be simulated to confirm the amount of oxygen uptake and 
joint reaction forces. Changes in the ratio of the number of fast- 
to slow-twitch muscle fibers that are associated with oxygen 
uptake ability will be confirmed using the AMS, because these 
ratios increase under microgravity [38].  
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