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Motion Sickness Simulation Based on Sensorimotor Control
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Figure 1: We propose a sensorimotor control framework to simulate motion sickness with a computational vestibular model. After receiving
the rotation of 30 rpm for 15 seconds, the green character with the vestibular model exhibits body sway and foot tilt; in contrast, the blue
character without the vestibular model keeps balance well. The green character’s response is closer to human begins than the blue one’s.

Abstract
Sensorimotor control is an essential mechanism for human motions, from involuntary reflex actions to intentional motor skill
learning, such as walking, jumping, and swimming. Humans perform various motions according to different task goals and
physiological sensory perception; however, most existing computational approaches for motion simulation and generation
rarely consider the effects of human perception. The assumption of perfect perception (i.e., no sensory errors) of existing
approaches restricts the generated motion types and makes dynamical reactions less realistic. We propose a general framework
for sensorimotor control, integrating a balance controller and a vestibular model, to generate perception-aware motions. By
exploiting simulated perception, more natural responses that are closer to human reactions can be generated. For example, mo-
tion sickness caused by the impairments in the function of the vestibular system induces postural instability and body sway. Our
approach generates physically correct motions and reasonable reactions to external stimuli since the spatial orientation estima-
tion by the vestibular system is essential to preserve balance. We evaluate our framework by demonstrating standing balance on
a rotational platform with different angular speeds and duration. The generated motions show that either faster angular speeds
or longer rotational duration cause more severe motion sickness. Our results demonstrate that sensorimotor control, integrat-
ing human perception and physically-based control, offers considerable potential for providing more human-like behaviors,
especially for perceptual illusions of human beings, including visual, proprioceptive, and tactile sensations.

CCS Concepts
•Computing methodologies → Animation; Physical simulation;

1. Introduction

Human motion generation has drawn significant interest from com-
puter animation, humanoid robotics, and biomechanics. In com-
puter animation, data-driven methods, physics-based simulation,
and their hybrid approaches have been the most popular tech-
niques to generate character animation in recent years. In particu-
lar, physics-based character simulation makes great progress owing

to the rapid development of motion control techniques. Physically
correct motions that adapt to environmental variations and skeletal
differences can now be generated easily. A critical problem with
existing approaches is that motions are simulated with the assump-
tion of over-simplified perception, such as the direct feedback of
position states; therefore, some human motions related to physio-
logical dysfunction could not be simulated with stimuli similar to
the ones received by humans in daily life.
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We propose a sensorimotor control framework to simulate mo-
tion sickness that induces the postural instability caused by the im-
pairments in the function of the vestibular system. Our sensorimo-
tor control adds a computational vestibular model to the state feed-
back path to transfer the angular velocities, linear accelerations, and
gravity accelerations to the central nervous system (CNS) evoked
by body movements and applies the corresponding motor com-
mands to preserve dynamic balance. When the vestibular model
senses body orientation inaccurately due to some specific stimuli,
such as rotations about the vertical axis, the CNS cannot compute
correct motor commands to react to the external disturbances and
results in body sway or even falls. Our sensorimotor control frame-
work employs the spatial orientation estimation that is more similar
to human-beings to simulate motion-sickness.
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Figure 2: (a) The vestibular system consists of the semicircu-
lar canals and the otoliths. (b-c) Mechanisms of the semicircular
canals and the otoliths [Sel09]. The green portions are the defor-
mations caused by the head accelerations.

The vestibular system in the inner ear is a part of the sensory
system responsible for transducing the sensations of body move-
ments in the three-dimensional space to the CNS. Its main com-
ponents are the semicircular canals, sensing angular velocities, and
the otolith organs, responding to linear accelerations (Figure 2a).
Thus, the vestibular system can detect and transmit body motions
in the spatial coordinate to the CNS to evoke corresponding com-
mands for dynamic balance. The semicircular canals consist of
three almost mutually orthogonal components: horizontal canal,
posterior canal, and anterior canal. These canals can decompose an
arbitrary head rotation into three-dimensional rotational velocities.
Each canal contains endolymph that flows when the head is an-
gularly accelerated. When the pressure of the endolymph changes,
the cupula deflects and affects the hair cell and vestibular affer-
ent, as illustrated in Figure 2b. Based on the fluid properties of the
endolymph and the elastic properties of the cupula, the dynamic re-
sponse of the semicircular canal can be approximated by a second-
order high-pass filter. The otoliths can sense the linear acceleration
and gravity (Figure 2c). Their physiological response is similar to
the semicircular canals. The gel layer is a viscoelastic solid, which
deforms under linear accelerations. Its dynamic response can be
treated as a second-order spring mass damper [Sel09]. Due to the
physiology of the semicircular canals and the otoliths, a computa-
tional model of the vestibular system needs to consider the angular
velocity, linear accelerations, and gravity acceleration to estimate
the spatial motion of a human body.

This paper is intended to make the following research contri-
butions: 1) to exploit the simulated perception for generating more
human-like motions and behaviors; and 2) to demonstrate how find-
ings derived from physiology and biology could enrich physics-

based motion simulation. Our sensorimotor control framework has
the potential to help researchers develop more human-like motions
with insights from sensory perception. We hope that our work could
stimulate more research on incorporating physiological studies in
computer animation.

2. Related Work

Sensorimotor control involves multidisciplinary research areas,
such as internal model, multisensory integration, and decision mak-
ing. Wolpert and Ghahramani [WG00] reviewed several computa-
tional principles for sensorimotor control. Hu et al. [HZL12] also
discussed related topics for motion generation.

Hand-eye coordination is a typical task of sensorimotor control.
Yeo et al. [YLNP12] simulated visuomotor to perform object in-
terception, including the vision model and the internal model of
object dynamics. The interceptive movements of the head, arms,
and torso are guided by the eye movement, and the eye movement
is coordinated by the visual estimation of the flying ball trajectory.
They provide a generative model for perception-triggered catch-
ing behavior based on sensorimotor control. A mobile humanoid
can also perform ball catching and coffee preparation based on
similar frameworks [BFB11,BBW∗11,BSW∗11]. Humberston and
Pai [HP15] developed an interactive animation system to construct
hand grasping more efficiently by exploiting previously sampled
grasp shapes as a reference pose according to object’s surface ge-
ometry. This idea is similar to the hand preshaping during human
grasping, a mechanism of sensorimotor memory, and can be imple-
mented based on several parameters without complex perceptual
models. Our work focuses on the standing balance of an underactu-
ated character with the spatial perception provided by the vestibular
model and needs to integrate biped dynamics and the computational
vestibular model.

The computational models of the vestibular system for estimat-
ing human dynamic spatial orientation can be categorized into
the probabilistic approach and deterministic approach. Borah et
al. [BYC88] proposed a steady Kalman Filter to compute a sen-
sation of spatial orientation; however, the linear dynamics of the
Kalman filter fundamentally limits the applications of this model
in a small deviation from an upright pose. Bilien [Bil93] ap-
plied Extended Kalman Filter to replace the Kalman filter, but
his simulation results showed numerical instabilities. A Bayesian
approach [LD07, LSH10] can reduce the instabilities caused by
the nonlinear dynamics, but the efficiency is degraded when the
sampling size is increased. Merfeld et al. [MYOS93] and New-
man [New09] employed observer theory to model the interactions
between the semicircular canal and otolith. A crucial assumption
of Newman’s study is that the CNS estimates spatial information in
the internal coordinate, the horizontal plane of which is perpendic-
ular to the internal gravity. Since Newman’s model matched experi-
mental data of various stimuli, including rotations about the vertical
axis, post-rotational tilt, and off-vertical axis rotation, we adopt it
as our vestibular model.

Several studies have proposed control strategies to reduce the
spatial illusion due to the vestibular system. Li et al. [LLC08] and
Lin et al. [LHC10] maintained postural balance by computing con-
trol torques to compensate the destabilizing accelerations caused by
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the difference between the realistic and estimated gravity. Instead
of compensating the instabilities caused by the estimated gravity,
our motion sickness simulation employs the deviations resulting
from the spatial illusions to generate visually evident pose varia-
tions.

Humanoid robots also use the vestibular model to enhance
postural control. Tahboud [Tah09] adopted a Kalman-filter-based
vestibular model to improve the balance control of a humanoid
robot by considering the estimated orientations. Mergner et
al. [MSF09] designed an artificial vestibular sensor, including gy-
ros and accelerometers, and integrated it into a robot to gain a better
balance control. Mergner et al.’s study concludes that a vestibular
sensory feedback is beneficial to a ground force feedback in the bal-
ance control. The comparison of human and robot stance control,
conducted by Peterka [Pet09], similarly suggests that a vestibular
sensory feedback can improve the robot balance control. We use
the vestibular model for an opposite purpose, to generate unbal-
anced poses during motion sickness by simulating inaccurate spa-
tial perception.

Balance control is an essential motor skill for bipedal robots
or simulated characters since the bipedal upright standing is in-
herently unstable. The contact forces between the foot and the
ground are the main driving force for the dynamic balance. Abe et
al. [ASP07] and Jain et al. [JYL09] utilize the standard Coulomb’s
model of friction and optimization method to compute the con-
tact forces and control commands for dynamics simulation. Mac-
chietto et al. [MZS09] relates the momentum control by tracking
the reference center of mass (CoM), center of pressure (CoP), and
poses simultaneously, and employs linear equations to solve the op-
timal accelerations for each joint to balance a standing character. In
robotics, Hyon [Hyo09] introduces ground applied forces (GAFs)
to preserve the dynamic balance for the biped humanoids on the
different terrains. Both the studies of [MZS09] and [Hyo09] focus
on regulating the CoP and CoM to the centroid of support polygon
to preserve the dynamic balance for simulated characters or biped
humanoids. We select the momentum control proposed by Mac-
chietto et al. [MZS09] as the controller in our framework due to
its computational efficiency and ability to track prescribed motion
trajectories.

3. System Overview

Upright stance, a crucial motor skill for human beings, is inherently
unstable. We need to control our muscles accurately to maintain
balance based on the spatial perception of our body’s position and
orientation. The vestibular system in our head is mainly responsible
for providing the spatial perception to the CNS, including the lin-
ear accelerations, angular velocities, and gravity. The perception of
verticality allows human beings to distinguish what up and down
directions are in a gravitational field [Bro08]. The ability to ad-
just pose to align gravitational vertical is crucial for maintaining
balance [Hor06]. The main idea of our sensorimotor control frame-
work was inspired by the perception of verticality above. To simu-
late this perception, we propose the internal gravity ĝ and internal
ground and use them to perform balance control instead of the grav-
ity g and the realistic ground as shown in Figure 3a. According to
our experience, we may feel the ground is varying when suffering

motion sickness, because the vestibular system in our head provides
incorrect internal spatial information to the CNS, including linear
acceleration, angular velocity, and gravity. A deviation from an up-
right pose can result in a gravitational pull that could cause the
body to be unbalanced. If the vestibular system provides incorrect
internal gravity, the CNS would compute control forces that cause
the body to sway.

� �
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Figure 3: (a) The main idea of our approach is that the vestibu-
lar model constructs an internal world, which may deviate from the
real world. The internal world consisting of the internal ground and
coordinate is defined based on the internal gravity ĝ, and the mo-
mentum control is executed based on the perception in this internal
world. (b) Illustration of the world coordinate (x− y− z), internal
coordinate (x̂− ŷ− ẑ), and head coordinate (xh − yh − zh).

Our sensorimotor control framework involves information in
three coordinates: world coordinate, internal coordinate, and head
coordinate (Figure 3b). The internal coordinate is defined by ĝ. The
internal vertical axis ŷ is the reverse direction of ĝ, and the xz-plane
is perpendicular to ĝ. The head coordinate is the local coordinate
defined by the head pose at each time step, and ĝh is ĝ represented
in the head coordinate.

Figure 4: System overview.

We present a framework of sensorimotor control, which in-
tegrates the momentum control [MZS09] and the vestibular
model [New09], to simulate motion sickness caused by spatial dis-
orientation, as shown in Figure 4. Compared to previous studies, a
significance of our proposed system is we divide the motion sick-
ness simulation into the processes in the world and internal coordi-
nate, defined by the gravity g and the internal gravity ĝ. This idea
is inspired by the computational study of motor control [WG00].
We suppose that the character, in the real world, is controlled by
the commands computed by the controller in the internal world
which is constructed by the sensory perception. Our purpose is to
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Figure 5: Block diagram of vestibular model [New09]. The weight-
ing parameters (kω,k f ,k f ω,ka,kω f ) = (8,4,8,−4,1)

simulate motion sickness according to the spatial illusions made
by the vestibular model. In contrast, the previous studies usually
utilize a vestibular model to either enhance the orientation estima-
tions [Tah09,MSF09,Pet09] or compensate the disturbance caused
by the estimated gravity [LLC08, LHC10].

The ĝ is estimated by the vestibular model which is added to the
state feedback path as a state observer. The vestibular model pro-
vides the spatial perception, including the internal linear accelera-
tion âh, angular velocity ω̂ωωh, and gravity ĝh, to the CNS according
to the inputs, realistic linear acceleration ah and angular velocity
ωωωh. In addition, the momentum controller in the CNS also needs
internal desired generalized acceleration ˆ̈qdes and the momentum
derivative ˆ̇hdes to compute internal generalized control accelera-
tion ˆ̈q∗ to perform dynamical balance. Note that the evaluation of
ˆ̈qdes needs to convert the reference center of mass (CoM) cre f and
center of pressure (CoP) zre f from the world to internal coordinate.
Finally, the inverse dynamics solver can compute control torque u
based on internal generalized position q̂, velocity ˆ̇q, ground reac-
tion force fground , and ĝ to meet task goals. When the vestibular
model receives rotations with almost constant velocities, it sends
incorrect internal spatial perception to the CNS and results in mo-
tion sickness. The internal ground plane and ˆ̇hdes will be biased by
ĝ, which is the crucial factor to simulate motion sickness.

4. Spatial Orientation Estimation

A human can simultaneously utilize his/her visual, vestibular, and
proprioceptive perception to maintain balance; however, symptoms
of motion sickness usually result from the sensory conflicts gener-
ated by the vestibular system. As spatial orientation estimation is
the primary function of the vestibular system, we need a computa-
tional vestibular model to simulate spatial perception.

We adopt a vestibular model proposed by Newman [New09],
as illustrated in Figure 5. The main components of this vestibular
model include semicircular canals (SCC), an otolith organ (OTO),
and a central orientation estimator, and all computations are de-
scribed in the head coordinate. The inputs to the vestibular model
are the angular velocity ωωωh and linear acceleration ah, and the grav-
ity g which can be computed by integrating ωωωh.

The semicircular canal and otolith organ transform ωωωh and ah
into afferences αααω and ααα f , respectively, and then the central orien-
tation estimator evaluates the internal spatial information, including

Figure 6: The estimated angular velocity ω̂hy (green line) resulted
from the constant input ωhy = 3rad/s (blue line). When the input
velocity remains constant, the output estimated velocity tends to
zero asymptotically. The differences between ωhy and ω̂hy cause
spatial disorientation.

the gravity ĝh, angular velocity ω̂ωωh, and linear acceleration âh, also
in the head coordinate. In fact, the ĝh, ω̂ωωh, and âh are the spatial in-
formation that a human can utilize to maintain balance. When the
inputs of the vestibular model ωωωh and ah are varying, its outputs
ω̂ωωh, and âh are almost the same as their corresponding inputs and
ĝh is the same as the gravity g. This implies that humans can re-
ceive accurate spatial orientations to maintain balance when they
undergo motions with angular acceleration or varying linear accel-
eration. On the other hand, the vestibular model loses the motion
sensation gradually when its inputs, ωωωh or ah are almost constant.
Figure 6 shows an example in which the vestibular model outputs
an exponentially-decayed rotation due to the input of a constant ro-
tational velocity about the vertical axis. At the acceleration stage,
the estimated output (green line) tracks the input (blue line) ac-
curately. When the input angular velocity remains at 3 rad/s, the
estimated output gradually decays to zero. After the rotation stops,
the estimated output approaches the zero input with an exponential
rise.

According to Figure 5, ĝh is computed by the quaternion inte-
grator Q [New09],

ĝh = Q
(
k f e f + kω f ω̂ωωh

)
, (1)

and its initial value ĝh(t0) = gh(t0), where ω̂ωωh = k1ω̂ωω′
h.

The gravito-inertial force (GIF) rotation error e f = [e fx e fy e fz ]
T

is the rotation to align ααα f = [α fx α fy α fz ]
T with its internal esti-

mation α̂αα f = [α̂ fx α̂ fy α̂ fz ]
T and can be described by a unit-length

rotation axis and a rotation angle as follows [MYOS93]:

e f =
e f

|e f |
|e f |=

ααα f × α̂αα f

|ααα f × α̂αα f |
cos−1

(
ααα f

|ααα f |
·

α̂αα f

|α̂αα f |

)
, (2)

in which each of the x− y− z components of ααα f and α̂αα f can be
obtained by the transfer function of the otolith and its observer
from their inputs GIF fh = [ fhx fhy fhz ]

T and its estimated one
f̂h = [ f̂hx f̂hy f̂hz ]

T

oto(s) = ˆoto(s) =
α fi(s)
fi(s)

=
α̂ fi(s)

f̂i(s)
= 1, i = x,y,z, (3)

where s is the complex frequency. The GIF fh can be obtained by
computing the difference between the gravity gh and linear accel-
eration ah:

fh = gh −ah. (4)
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Similarly, the internal GIF f̂h is the difference between the internal
gravity ĝh and linear acceleration âh:

f̂h = ĝh− âh, (5)

where âh is calculated by linearly weighting ea,

âh = kaea = ka(ααα f − α̂αα f ). (6)

The estimated angular velocity ω̂ωω
′
h = [ω̂′hx

ω̂
′
hy

ω̂
′
hz
]T in Eq. (1)

can be obtained from the weighted sum of angular velocity error
eω and the GIF rotation error e f :

ω̂ωω
′
h = kωeω + k f ωe f , (7)

where kw and k f ω weight eω and e f , respectively. The angular ve-
locity error, eω = αααω− α̂ααω, is the difference between the semicir-
cular canal afference αααω = [αωx αωy αωz ]

T and its estimated one
α̂ααω = [α̂ωx α̂ωy α̂ωz ]

T . As defined in [MZ02], the scalar transfer
function of the semicircular canal afference αααω to the angular ve-
locity ωωωh along a coordinate axis in the three-dimensional space is

scc(s) =
αωi(s)
ωhi(s)

=
τaτds2

(τas+1)(τds+1)
, i = x,y,z, (8)

where τa and τd are the adaptation time and dominant time, respec-
tively. The transfer function of the semicircular canal in the internal
model defined in [MZ02] is

ˆscc(s) =
α̂ωi(s)
ω̂hi(s)

=
τ̂ds

τ̂ds+1
, (9)

which ignores minor effects related to the adaptation time. We set
τa = 80s and τd = τ̂d = 5.7s as given in [New09]. By combining
Eqs. (7)-(9), ωωω

′
h(s) can be expressed as

ω̂
′
hi(s)=kω

(
scc(s)ωhi(s)− ˆscc(s)ω̂′hi(s)

)
+ k f ωe fi(s)

=
kwscc(s)

1+ kw ˆscc(s)
ωhi(s)+

k f w

1+ kω ˆscc(s)
e fi(s), i = x,y,z.

(10)

At each simulation time step, e f is calculated using Eqs. (2)-(6),
and ω̂ωω

′
h is obtained by the state space representation of Eq. (10).

Finally, the internal coordinate can be constructed according to ĝh
as expressed by Eq. (1).

5. Balance Control

A standing character can keep balance if it can adjust his poses
to fight against the momentum changes caused by the gravity
and external forces. The control framework proposed by Macchi-
etto et al. [MZS09], which can track desired momentum deriva-
tives and poses simultaneously, is an appropriate balance con-
troller for our sensorimotor control framework. According to their
study [MZS09], an ideal observer is applied to feed back the system
state to the optimization controller, i.e., the spatial transformation
between the world and internal coordinate is an identity matrix. The
assumption of an ideal observer is a nice simplification to simula-
tions of humanoid robots since sensors are expected to measure the
realistic states accurately without time-delays or estimation errors.
However, most sensory systems of a human being usually perform
different responses to varying proprioceptive information and envi-
ronments. Thus, we integrate the vestibular model (section 4) and

the momentum control to achieve the dynamics simulation of mo-
tion sickness.

5.1. Momentum Control for Dynamic Balance

Let k̇ and l̇ denote the derivatives of angular momentum and linear
momentum, respectively. The spatial momentum derivative ḣ can
be expressed as:

ḣ =

[
k̇
l̇

]
. (11)

The momentum control proposed by Macchietto et al. [MZS09]
integrates the centroidal momentum [OG08] and the rigid body
dynamics [Fea07] such that the optimal controller can effectively
track the desired generalized acceleration q̈des and ḣdes to keep bal-
ance of the simulated character.

At each time step, the linear quadratic optimization with the
static contact constraint problem is used to obtain the optimal gen-
eralized accelerations q̈∗ w.r.t. l̇des, k̇des, and q̈des. This optimiza-
tion problem is formulated as follows:

q̈∗ = argmin
q̈

βl‖l̇des− l̇‖2 +βk‖k̇des− k̇‖2

+βq‖W(q̈des− q̈)‖2

s.t. Jsupq̈+ J̇supq̇ = asup,

(12)

in which βl , βk, and βq are weights for different objective terms;
W is a diagonal weighting matrix to assign individual weights to
each DoF; Jsup is the Jacobian matrix transforming the generalized
velocities to support bodies; asup is the spatial accelerations of the
support bodies to keep the static contact constraints. The desired
tracking trajectories, l̇des, k̇des, and q̈des, can be evaluated by three
PD control laws.

The derivative of linear momentum of the character is related
to the mass and CoM accelerations, l̇ = mc̈; therefore, l̇des can be
evaluated by a PD control law tracking the reference CoM cre f and
its velocities ċre f ,

l̇des = mc̈des = Kplm(cre f − c)+Kdlm(ċre f − ċ), (13)

where Kpl and Kdl are the proportional and derivative gains, re-
spectively. If no external forces act against the character besides
the ground contacts, the angular momentum is given by the cross
product of the vector form CoM to the CoP and the ground reaction
force. The k̇des can be obtained by

k̇des = (zdes− c)× (l̇des−mg). (14)

We can compute the desired CoP zdes by a double integration of its
acceleration z̈des which is deduced by tracking the reference CoP
zdes using the PD control law:

z̈des = Kpk(zre f − z)+Kdk(żre f − ż). (15)

Retaining the CoP inside the support polygon, which is composed
of ground contact points, is the necessary and sufficient condition
for the character to maintain dynamic balance [VB04]. We set cre f
and zre f as the centroid of the support polygon.
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Besides the momentum derivative, the character can perform dif-
ferent motions by tracking different reference trajectories to per-
form various motion types, and the desired generalized accelera-
tions q̈des are computed by a similar control law:

q̈des = Kpt(qre f −q)+Kdt(q̇re f − q̇)+ q̈re f , (16)

where q̈re f is the feedforward acceleration computed from the ref-
erence trajectory.

Finally, the optimization problem with an equality constraint in
the Eq. (12) can be solved by Lagrange multiplier method. We can
efficiently compute the optimal control acceleration q̈∗ that pre-
serves the static contact constraints of the supporting bodies.

An unactuated (passive) joint with six DoFs is used to connect
the character pelvis and the inertial frame. The floating-based in-
verse dynamics solves the following equation of motions in the
generalized coordinate with given q̈ for the control torque u:

u = M(q)q̈+C(q, q̇)+G(q)+ fext , (17)

where M is the generalized inertia matrix; C accounts the centrifu-
gal and Coriolis forces; G is the gravity term; fext is the external
force in the generalized coordinate.

5.2. Balance Control Integrated with Vestibular Model

According to the studies related to the sensorimotor con-
trol [WGJ95, WG00, Pet02], we know that the CNS executes bal-
ance control in the internal coordinate constructed by the sensory
perception. Thus, we need to consider the effects of ĝ and the in-
ternal ground plane in the momentum control (section 5.1). We
apply an ideal joint proprioception so that the transformation of
the generalized position and its time-derivative between the world
and internal coordinate is an identity matrix, i.e., [q̂T ˆ̇qT ˆ̈qT ]T =
[qT q̇T q̈T ]T .

From Eq. (12), the optimization for q̈∗ in the internal coordinate
can be rewritten as follows:

q̈∗ = argmin
q̈

βl‖ˆ̇ldes− l̇‖2 +βk‖ ˆ̇kdes− k̇‖2

+βq‖W(q̈des− q̈)‖2

s.t. Jsupq̈+ J̇supq̇ = asup,

(18)

where ˆ̇ldes and ˆ̇kdes are determined by ĝ and the internal ground
plane. Specifically, ˙̂ldes is computed as follows,

ˆ̇ldes = m ˆ̈cdes = Kplm(cre f − ĉpro j)+Kdlm(ċre f − ċ), (19)

where ĉpro j is the projection of CoM on the internal coordinate as
illustrated in Figure 7. Our main idea is that the sensation of CoM
projection will be affected by ĝ during motion sickness. Hence,
ĉpro j is computed by projecting c to the real ground plane along the
direction of ĝ,

ĉpro j =
d⊥
ĝy

ĝ+ c, (20)

where d⊥ is perpendicular distance from CoM to the real ground,
and ĝy is the y-component of ĝ. The fraction of d⊥/ĝy scales ĝ’s
length to match the distance from c to ĉpro j.

Figure 7: CoM projection in the internal coordinate.

Taking the changes of ˆ̇l and ĝ into account, the ground reaction
force (l̇des−mg) in Eq. (14) also changes in the internal coordinate,
ˆ̇kdes can be calculated using

ˆ̇kdes = (zdes− c)× (ˆ̇ldes−mĝ), (21)

which implies that the sensation of ground reaction force is biased
by ˆ̇l and ĝ.

When q̈∗ is obtained, the inverse dynamics in the internal coor-
dinate needs to consider the effect of ĝ to solve u

u = M(q)q̈+C(q, q̇)+ Ĝ(q)+ fext, (22)

where Ĝ(q) is computed by ĝ.

We introduce the effects of the internal perception ĝ into the mo-
mentum control for dynamic balance. From Eq. (18), (19), (21),
and (22), we can observe that all the key variables, ˆ̇ldes, ˆ̇kdes, and
Ĝ(q), produce biased values that cause poor balance performance
when ĝ deviates from g. The bias caused by ĝ is the source that in-
duces body sway and postural instabilities. Human motion sickness
is mainly induced by inaccurate spatial perception of the vestibular
system; thus, our proposed sensorimotor control with spatial per-
ception awareness is much closer to human physiology than the
existing ones.

6. Experimental Results

Our character model, with a weight of 65 Kg and a height of 1.7 m,
has 19 bodies and 41 degrees of freedom (DoF), including a six-
DoF un-actuated floating joint connecting the root and the iner-
tial frame. We implement the dynamics simulations based on Dy-
namic Animation and Robotics Toolkit (DART) [dar17]. Bullet
Physics [bul17] is adopted to handle collisions. The time step of
all simulations is 1 ms. Since the root position is determined by the
static contact constraint, we set the diagonal elements correspond-
ing to the root DoFs in the pose weighting matrix to be zero and the
remaining DoFs to be one.

We evaluate our sensorimotor control framework by demonstrat-
ing several simulated motions, including standing balance subject-
ing to an external force and standing on a rotational platform which
is similar to the game of dizzy challenge. We also analyze the CoM
sway angle θcom and measure the body sway relative to the ver-
tical axis, the tilt angle θĝ between g and ĝ, and the CoM and
CoP trajectories. The CoM vector is computed from the centroid
of support polygon and the CoM. The perception of verticality is
crucial for dynamic balance, and θcom is usually utilized to evalu-
ate balance in the physiology area [Pet02, Hor06]. The body sway
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can also be measured by the CoM movement [CDF05]. In addi-
tion, we compute a balance performance indicator suggested by
[Lau16,TSB91]. It is defined as the percentage of time that the CoP
is within a radius of 5 mm from the centroid of support polygon.

We use green color to represent the character and data with the
vestibular model while using blue color to represent the character
and data without the vestibular model. The rotation starts at the
2nd second in each simulation, and the nonzero θcom before the 1st
second is because the projected CoM of the initial pose is not at
the centroid of the support polygon. For clear illustrations, we only
show the CoM and CoP trajectories after the rotations stop.

6.1. Effect of Vestibular Model on Balance

If we stand on a rotational platform with a constant velocity about
the vertical axis, motion sickness can occur soon. The character
with the vestibular model based on our sensorimotor control has the
similar response. In the accompanying video, one can see that the
green character exhibits body sway and foot tilt, and spends longer
time to recover balance. Compared with the green character, the
blue one maintains his standing balance well. Figure 9a shows that
the green character appears varying θcom caused by the deviated
ĝ (Figure 9b) after receiving a rotation of 30 rpm for 15 seconds.
Its CoM moves 0.085 m and 0.09 m in the x and z directions (Fig-
ure 9c), and its CoP has 0 % time within the 5 mm radius marked
by the red circle (Figure 9d). On the other hand, the blue charac-
ter remains a stable pose with almost static θcom aligned with the
vertical axis, and its CoP has 100 % time in the 5 mm radius from
the centroid of support polygon. Thus, based on these balance indi-
cators, the green character with the vestibular model performs de-
creased balance control induced by inaccurate ĝ, compared to the
blue one’s.

An interesting observation is that θĝ shows small variations dur-
ing rotations and starts to deviate after rotations stop. The effect of
ω̂ωωh on ĝh can be described by the following equation [MZ02]:

dĝh
dt

=−ω̂ωωh × ĝh. (23)

As all the rotations in our simulation are about the vertical axis and
the character keeps upright standing during the rotations, only ω̂hy

and ĝhy have non-zero values (the other components of ω̂ωωh and ĝh
are almost zero). Hence, dĝh/dt gradually diminishes to zero during
rotations. On the other hand, small variations of ĝhx and ĝhz , caused
by body sway, would be magnified by ω̂hy after the rotations stop.

Our sensorimotor control framework adopts the vestibular model
as an observer instead of a perfect perceptual model (i.e., no sen-
sory errors or delays). The balance performance of the simulated
character is thus inevitably worse than that of the one without the
vestibular model but is actually closer to the responses of humans.
An impulse of 4 Ns (40 N, 0.1 s) is applied to the thorax at the 2nd
second, as shown in Figure 10. The green character bends over
more than the blue one. Figure 11 shows that the green charac-
ter exhibits larger θcom due to the external disturbances and larger
θĝ (up to 5◦). On the other hand, the blue character without the
vestibular model exhibits much smaller θcom when the same 4 Ns
impulse is applied.

Besides static standing, we also demonstrate the motions of soda

(a) (b)

Figure 8: The character with the vestibular model presents motion
sickness after standing on the rotational platform for 15 seconds.

(a) CoM sway angles θcom.

(b) Tilt angles θĝ between g and ĝ.

(c) CoM trajectories on xz-plane. (d) CoP trajectories on xz-plane.

Figure 9: Effects of the vestibular model on standing balance. The
simulation result of the character standing on a platform rotating
at 30 rpm for 15 seconds.

drinking, reaching, and standing up under motion sickness (please
see the supplementary video for more details). After the rotation
stops, the green character falls quickly due to the disturbances
caused by the ĝ and reference CoM projection on the internal
ground. The blue character recovers dynamic balance soon after
eliminating the accelerations resulting from the rotations.

6.2. Comparison of Different Rotational Speeds and Duration

We usually experience motion sickness more easily after receiving
either faster rotations or longer rotational duration. Our model ex-
hibits similar behaviors–either faster or longer rotations resulting
in more severe motion sickness. In the video, we show the stand-
ing motion after rotation at 10 rpm and 30 rpm for 15 seconds to
demonstrate the factor of rotation speeds; afterward, other standing
motions with rotation at 30 rpm for 10 seconds and 15 seconds to
show the effects of different rotational duration, respectively. The
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(a) (b)

Figure 10: The character with the vestibular model shows larger
body sway after receiving external disturbances.

(a) CoM sway angles θcom.

(b) Tilt angles θĝ between g and ĝ.

Figure 11: Effects of the vestibular model on standing balance with
unexpected disturbances (4 Ns).

standing motion on the platform rotating at 30 rpm for 15 seconds
shows larger pose variations in the both demonstrations. Fig-
ure 12a, 12b, 13a, and 13b show that faster and longer rotations
lead to larger deviation of ĝ from g, thereby resulting larger CoM
sway angles. We can also find that θcom is highly related to θĝ, and
the peak values of θcom are usually larger than the ones of θĝ. In
brief, the higher peak value and longer time width of θĝ result in
the larger body sway. The CoM and CoP trajectories in Figure 12c,
12d, 13c, and 13d show similar trends that faster and longer rota-
tion cause larger movements of CoM and CoP and thus more severe
postural instability.

More severe motion sickness caused by either faster or longer
rotations can be explained by Eq (23). Faster or longer rotations
induce larger deviation of ω̂ωωh and thus magnify the body sway after
the rotations stop. Moreover, larger deviations also lead to longer
recovery time from motion sickness since it takes more time to re-
sume the realistic angular velocity due to the characteristic of ex-
ponential rising.

6.3. Different Susceptibility to Motion Sickness

Our sensorimotor control can simulate different susceptibility to
motion sickness by tuning τd and τ̂d in Eqs. (8) and (9). τd and
τ̂d represent the sensitivity to the rotational velocity [Sel09], and
smaller values lead to stronger susceptibility. We show the stand-
ing motion after rotation at 30 rpm for 17 seconds with τd = τ̂d =
2.85s,5.7s,11.4s in the accompanying video. Among these three

(a) CoM sway angles θcom.

(b) Tilt angles θĝ between g and ĝ.

(c) CoM trajectories on xz-plane. (d) CoP trajectories on xz-plane.

Figure 12: Comparison of different rotational speeds. The platform
rotates at 10, 20, and 30 rpm, respectively, for 15 seconds.

(a) CoM sway angles θcom.

(b) Tilt angles θĝ between g and ĝ.

(c) CoM trajectories on xz-plane. (d) CoP trajectories on xz-plane.

Figure 13: Comparison of different durations of rotations. The
platform rotates at 30 rpm for 10, 15, and 20 seconds, respectively.
The character undergoing rotation at 30 rpm for 20 seconds even-
tually falls, and its CoM sway angle and CoM and CoP trajectories
also diverge.
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motions, the character with τd = 2.85s shows the strongest suscep-
tibility and falls finally; in contrast, the character with τd = 11.4s
has the weakest susceptibility and keeps balance well with small
body sway. The character with τd = 5.7s shows foot tilt and larger
body sway, compared to the one with τd = 11.4s. Since each indi-
vidual has different susceptibility to motion sickness, we can emu-
late person-specific dizzy sensation by manipulating τd and τ̂d .

(a) τd = 2.85s (b) τd = 5.7s (c) τd = 11.4s

Figure 14: Standing motion with different susceptibility to motion
sickness by different τd .

6.4. Limitations and Discussions

The mechanism to trigger motion sickness by the deviation of inter-
nal gravity in our model is similar to the one of human beings. The
gravitational vertical deviation that can be recognized by healthy
humans is under 0.5◦ [Hor06], and the peak values of θĝ that our
control can recover balance is about 4.0◦-5.0◦ according to Fig-
ures 9b, 11b, 12b, and 13b. Thus, the deviations of ĝ are significant
enough to cause the character to align with its direction.

Although the validation based on the simulated animation, CoM
sway angle, the tilt angle between ĝ and g, CoM, and CoP trajec-
tories, is straightforward and simple, a better validation approach
might be evaluating our results quantitatively, e.g., the studies in
[Pet02,Hor06,Lau16]. However, there are some difficulties in con-
ducting these evaluations because of the lack of ground truth and
objective measures of motion sickness.

The ground truth of our simulation is difficult to obtain mainly
because the afferent response of the vestibular neurons cannot be
measured directly [Sel09]. Also, some of the experimental parame-
ters, including the simulated character and rotational platform, used
in our simulation cannot be reproduced easily. Besides, everyone
has different motion sickness susceptibility and balance abilities,
so the dynamic reactions during motion sickness would also be dif-
ferent. Finally, the rotational platform that can rotate at constant
speeds for the indicated duration and equips with safety facilities
(to prevent falling) needs to be specially designed and thus is not
easy to obtain. Therefore, we provide an approximate ground truth
by asking subjects to sit on a swivel chair and get up after rota-
tions (see the video). Without rotations, the subjects can keep up-
right standing well after getting up from the chair. In contrast, af-
ter sitting on the chair with rotations at approximately 30 rpm for
14 seconds, the subjects would stand with noticeable body sway
and foot tilt due to motion sickness. The standing motion based
on our sensorimotor framework also exhibits similar body sway
and foot tilt after undergoing rotations of different velocities and
duration. We cannot simulate the motion of standing up from a
chair with motion sickness like the approximate ground truth due
to the limitation of the control approach we currently adopt. Stand-
ing up from a chair involves non-planar contacts and switching of

support polygon that are not considered in the momentum con-
trol [MZS09]. If a better control approach for getting up is avail-
able, the main idea of the internal gravity and internal ground can
still be applied to motion sickness simulation. In the future, we
would like to develop better evaluation experiments to further vali-
date our framework.

Motion sickness measure mainly depends on self-reported, sub-
jective, pre- and post-questionnaires [YAE07]; however, we are
still lack of an objective or quantitative measurement for motion
sickness to evaluate our work. Most existing studies only discuss
the dynamic responses of the vestibular system [LSH10, BYC88,
MZ02, Sel09, LD07], and their system is usually open-loop with
simple stimuli, i.e., the states of the vestibular system will not be af-
fected by other factors. In contrast, our sensorimotor control frame-
work is a closed-loop system, a perception-action cycle. The poses
of the simulated character will affect the inputs to the vestibular
model; meanwhile, the outputs of the vestibular model will affect
the spatial information of the character. To the best of our knowl-
edge, we are not aware of any previous studies providing enough
information to evaluate our simulation objectively.

More scenarios involving motion sickness could be demon-
strated based on the sensorimotor framework by employing
more motor control strategies to prevent falling, such as arm
swing [PKW∗10] and stepping [Hor06]. Arm swing is a protective
function for balance recovery. It generates control torques to coun-
teract body rotations since arm elevation can reduce angular move-
ments efficiently by increasing the moment of inertia of the whole
body. Stepping can also return the body to equilibrium by enlarg-
ing the support polygon. The selection of motor control strategies
during motion sickness would be affected by different athletic abil-
ities, experiences, and intention of each individual. Compared to
the current control strategy based on tracking desired momentum
derivatives and poses, our framework can perform more human-like
response under motion sickness if integrating these motor control
strategies based on physiological mechanism. The drunk walking
demonstrated in Simbicon [YLvdP07] is also an interesting motion
related to the vestibular system if the computational model for sim-
ulating the misperception induced by alcohol is available.

7. Conclusions

The overarching goal of this study was to reveal important but ne-
glected human perception for character animation. Our current re-
sults, though still preliminary, show the great potential of sensori-
motor control for simulating more human-like behaviors and reac-
tions, particularly for illusions caused by the physiological struc-
tures of human beings. Having applied the vestibular model to gen-
erate the orientation estimations and performed motion sickness,
we plan to apply more sensory models, such as somatosensory, vi-
sual, and proprioceptive systems, to the physics-based simulation.
Based on these various sensory models, multisensory integration
that shows significant adaptations to sensory disturbances are possi-
ble. We expect that sensorimotor control can let characters possess
superior capabilities to adapt to different environments and stim-
uli realistically. We can also gain a broad understanding of various
physiological behaviors of human beings to help other research ar-
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eas, like virtual reality (VR), orthoses, protheses, rehabilitations,
and balance dysfunction.
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