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Abstract

:

To achieve an immersive virtual reality (VR) environment, omnidirectional treadmills (ODTs) allow users to perform locomotion in any direction. However, existing ODTs are heavy and complex, and operate at low speeds. This limits fast user motion and prevents natural interactions in real applications such as military training programs and interactive games. In this paper, we introduce a novel locomotion interface device with running capability, which uses an omnidirectional treadmill with a new power transmission mechanism and a locomotion controller that enables the user to make fast movements. As a result of the improved power transmission performance due to the simple and relatively lightweight structure, the proposed two-dimensional treadmill can generate a maximum speed of 3 m/s, with an acceleration of 3 m/s2. Moreover, through a pilot test with the proposed locomotion interface device, we verified that the fast directional changes during walking and running with the designed speed adaptation controller do not exceed the acceleration performance of the proposed system. Due to its wide range of movement speeds and acceleration capabilities, and lack of any motion constraints, the proposed locomotion interface device with a novel ODT can be used as a representative platform in various VR environments to enhance the immersive experience.
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1. Introduction


A locomotion interface (LI) can support walking and running through appropriately generated ground surfaces to provide active participation in virtual environments (VEs) with realistic spatial sensations [1]. Therefore, an LI provides a sense of mobility based on energy input/consumption of actual walking [2]. To create more immersive locomotion, a LI system should allow the user to arbitrarily change not only the walking speed, but also the walking direction. Such features may motivate a user to participate more actively in VR experiences, such as military training programs, physical education programs, disaster preparedness training, and rehabilitation programs [3].



To simulate omnidirectional locomotion, several types of devices have been suggested, such as balls [4], large spheres [5], mobile robots [6], a rotating one-dimensional (1D) treadmill [7], and a robotic foot platform [8,9,10]. However, these devices have limitations with respect to omnidirectional walking. As the most natural mechanism for two-dimensional (2D) LI, an omnidirectional treadmill (ODT) can simulate the over-ground walking of humans [11,12,13]. An ODT or 2D treadmill usually consists of “unit segments” (transverse treadmills) installed in such a way as to form a continuous loop (Figure 1). Each unit segment is a narrow treadmill with its own belt.



In an ODT, as shown in Figure 1, the X-axis translational motion is generated by the rotation of all the unit segments along      A →   X vector, while the Y-axis translational motion is generated by rotational actuation of the belt of each segment along      A →   Y vector. Thus, the 2D treadmill combines small treadmills assembled orthogonally to create a single, large treadmill. An ODT provides an infinite ground plane by generating independent belt motions along two orthogonal axes (X and Y). In the cases of Cyberwalk [12] and Torus treadmill [14], Y-axis translational motion is generated by individual actuators attached directly to each unit segment. This increases the inertia of the segments; thus, this design requires a very large amount of power to rotate all the segments (X-axis motion). As the weight of each segment is increased, the acceleration performance is greatly reduced.



The ODTs developed by the United States Army Research Institute (US ARL) ODT [15] and the InfinaDeck treadmill [16] use a different mechanism to generate Y-axis motion. The transverse treadmill belt (segment belt) is actuated by stationary actuator(s) through a special transmission system. This design, due to the light weight of the individual segments, may improve the maximum speed and acceleration of the systems during X-axis translational motion as compared to those of the Cyberwalk and Torus treadmill. To drive each segment belt while allowing free movement in the X-axis direction, these ODTs use a frictional transmission mechanism composed of omni-wheels. However, since the omni-wheels-based frictional transmission mechanism has a low power transmission efficiency, the maximum speed and acceleration of these ODTs for Y-axis translational motion are limited. Thus, due to the high inertia of the unit segment treadmills for X-axis translational motion and the low efficiency of power transmission for Y-axis translational motion, the currently available 2D treadmills are only able to accommodate slow human walking speeds and accelerations. This limitation is the main obstacle in developing an immersive VR environment with fast and natural locomotion.



A further complexity in the design of a past paced ODT is that even after improving the power transmission efficiency for Y-axis motion and reducing the mass of moving components for X-axis motion, the actuation scheme of the ODT must be carefully designed to reduce structural stress in the ODT’s frame; additionally, the design should minimize energy loss from the actuators to the power transfer components during motor actuation.



In this study, we have developed a novel locomotion interface device, which is based on an omnidirectional treadmill with a transmission mechanism that is referred to as the geared omni-pulley (GOP). To overcome the limitations of conventional ODTs and to deal with the complexities of fast ODT design, the proposed locomotion interface device has the following capabilities: (1) X- and Y-axis translational motion generation through a novel gear-based power transmission mechanism; (2) a distributed power scheme in which two motors installed on each axis are synchronized using low-level synchronized motor control [17]; and (3) high-level feedback using robust integral of the sign of the error (RISE) control [18] to allow fast movements while changing the walking direction.



The remainder of the paper is organized as follows; the main design concepts for the locomotion interface device with high speed and acceleration are presented in Section 2, the high-level controller design for the proposed locomotion interface and pilot study results are in Section 3 and Section 4. Finally, the conclusions drawn are given in Section 5.




2. LI Device Design for Fast Motion


2.1. Actuation of Unit Segment Belt by Geared Transmission


For 2D treadmills, the main issue is how to actuate the segment belt for Y-axis motion. In Torus and Cyberwalk treadmills, as shown in Figure 2a, each segment requires a dedicated actuator, which increases the segment mass due to the inclusion of the actuating parts and thus makes it a disadvantageous design for implementing fast X-axis motion.



In the US ARL ODT (United States Army Research Laboratory Omnidirectional Treadmill), as shown in Figure 2b, a motor attached to the system frame can drive the segment belt through an omni-wheel-based power transmission mechanism. The power from the frame-fixed motor can be transmitted to the segment belt for Y-axis motion by the omni-wheels, while the rollers of the omni-wheels that are in contact with the segment belt passively rotate when the segments move along X-axis. This transmission is based on line–contact friction, which limits the ability of the segment belt to follow the fast movements of a user along Y-axis. To enhance the transmission efficiency of segment belt actuation, we propose the novel gear transmission method shown in Figure 2c to directly drive each segment belt [19]. Since the segment belts are driven by geared-pulleys, the transmission efficiency is significantly enhanced as compared to the frictional transmission by an omni-wheel. Moreover, the proposed concept is suitable to generate fast X-axis motion due to a lightweight platform with low segment mass/inertia.



The omnidirectional rack described in [20] may be considered a suitable mechanism for orthogonal translation motion. However, it is not appropriate for creating infinite ground because the rack gear is made using a rigid material, which is not flexible such as timing belt. The proposed transmission mechanism for Y-axis translation can use commercially available timing belts as segment belts (Standardized name: T10 Urethane belt, pitch specification: 10 mm).




2.2. Transmission Design for Omnidirectional Motion


Figure 1 and Figure 2c show the conceptual design of the proposed 2D translational motion with geared-pulley transmission. This simple holonomic design allows generation of infinite motion in both axes. In addition, this actuation method only drives the segment belts that are on the active surface where the user can locate and walk. This can reduce the required motor power as less than half of the segment belts are actuated at any given time. However, when the proposed mechanism creates 2-dimensional ground by actuating both X and Y axes, the coupled surfaces of the geared-pulleys and segment belts get frictional forces because the segment belt should also move in a direction perpendicular to the direction of the transmitted force of the input geared pulley. Thus, the geared pulley needs to be modified to include a passive rotation mechanism for reducing this friction. In this paper, we implement the Y-axis motion using a geared omni-pulley set (GOPS) equipped with toothed rollers instead of the conventional geared pulley, as shown in Figure 3a.



The design concept of GOPS is organized by an omni-wheel with gear. The high transmission efficiency of the gear is used for motion in the      A →   Y direction, while the friction on the tooth surface caused by motion in the      A →   X direction is reduced by the passive rotation of the toothed rollers, similar to an omni-wheel. The toothed roller for reducing the frictional force is designed by body of rotation of an involute toothed part of a normal geared pulley along the rotational vector   N →   shown in Figure 3b. This rotational vector also represents the axis of the passive rotation of the toothed rollers when segments move along the X-axis.



In the presented system, the design of the GOPS uses the specifications of the commercial product called the T10 type geared pulley that works with the T10 Urethane belt. The parameters of the normal geared pulley, which are independent of the number of teeth, pitch (p = 10 mm), tooth height (th = 3.2 mm), tooth width (wh = 2.76 mm) and input angle of the tooth (λ = 25 deg). Moreover, GOPS design also considers the parameters depended on the number of teeth (Z = 36) such as radius of the pitch circle (rp = 57.295 mm), total radius (r = 56.375 mm) of the GOPS and the radius of the base circle (rb = 53.175 mm) because the frontal projection of the GOPS is identical to a normal geared-pulley profile.



Among the GOPS configuration parameters shown in Figure 3b, the number, n, of toothed rollers is the main determinant. Figure 4 shows the example of how to properly setup the GOPS configuration in the case that the number of toothed rollers is 6. The relationship between the total number of teeth (Z) and the number of toothed rollers (n) defines to the module of the GOPS (mGOP) as follows:


   m  G O P   = Z / n  (  n = 2 a ≥ 6 ,   a ≥ 3  )   ,     (  a , Z , n ,    m  G O P   ∈ ℕ  )  ,  



(1)




where a∈ℕ is a positive natural number greater than or equal to 3. Thus, mGOP represents the number of teeth in one toothed roller. It can also define an appropriate number for n because the number of teeth must be a natural number. All toothed rollers have an index number (ith) according to the range 1 ≤ i∈ℕ ≤ n, as shown in Figure 4. Odd and even numbers in the toothed roller index (i) make up each separate geared omni-pulley (GOP) (see also Figure 3), and two GOPs are combined to form one GOPS.



In the design of GOPS, the total number of teeth (Z) of the GOPS is 36, and its 6 toothed rollers are configured with a uniform angular spacing of 60°. To configure the frontal projection of this GOPS according to the normal geared-pulley profile, one GOP is placed behind the other with a phase offset of 60° between the toothed rollers of both the GOPs.



Once the GOP arrangement is set, the next step is selecting the size of rroller as the GOPS design parameter, whose range is calculated by the general geared-pulley parameters (p, th, etc.) and the GOPS configuration parameter (n) that has already been determined. Due to the shape of the toothed roller, the radius at its end (rroller) is used to define its size. Moreover, rroller_thick is defined as the largest radius at the center of the toothed roller, as shown in the right-side image of Figure 4. rroller has the following range:


     t h     |  sin  (  π    1.5 n − 1  n   + p / 4  r p   )   |    <  r  r o l l e r   <  r  4 sin  (  2 π / n  )    .  



(2)







Thus, the minimum rroller is calculated to maintain the proper tooth shape, and its maximum size corresponds to the circumcenter point to avoid interference between the arrangements of each toothed roller installed in a GOP. The selected rroller defines the value of rroller_thick according to the following relationship:


   r  r o l l e r _ t h i c k   =  r  r o l l e r   +  (  r −  |  r sin  (  π  (  1.5 n − 1  )  / n  )   |   )  .  



(3)







In the presented design, the value of rroller is 10.82 mm, which is selected considering the range of rroller calculated using Equation (2) (3.6~16.27 mm), and do is selected as 28.5 mm to avoid interference between the toothed rollers of the GOPs.




2.3. Realization of Stable Omnidirectional Motion


Figure 5a shows how the ODT can generate X-axis motion through segment rotation along        A →   X    defined in Figure 1. The segments are pin-constrained to the rib of the X-axis drive chain. As compared to a timing belt mechanism [19], the chain mechanism improves the transmission efficiency of X-axis drive by allowing the precise positioning of each segment without collisions between segments at high speeds. In the unit segment (transverse treadmill) design with a timing belt driven using GOPS, the segment belt has been turned inside out so that the toothed side of the belt is coupled with the teeth of the GOPS, while a belt tensioner retains the segment belt tension. A frame-fixed motor(s) drives the segment timing belt continuously through the GOPS to achieve Y-axis motion, while allowing translational motion of segments along the X-axis through the passive rotation of the toothed rollers [19,21]. It should be noted that the number of contact teeth between one segment belt and one GOPS is set to be the same as mGOP.



When a segment belt enters the active surface, as shown in Figure 5b (See also Figure 1), a rotational speed mismatch occurs between the segment belt entering the active surface without GOPS coupling and the segment belts already in the active surface. Therefore, speed synchronization should be considered to prevent damage to the teeth, and to guarantee smooth gear coupling during the re-coupling stage.



For the proposed F-ODT, a speed synchronizer is used to accelerate the re-coupling segment belt in advance through frictional actuation. As a unit segment approaches the edge of the GOPS, a cone shaped synchronizer increases its belt speed to match that of the belts already coupled with the GOPS. Thus, the synchronizer minimizes the speed mismatch between the GOPS and the belt being recoupled.




2.4. Design of Actuation System for Desired Performance


When a human try to run or stop quickly during straight walking, a maximum acceleration of 3 m/s2 is generated [22]. Thus, the target performance of velocity and acceleration of the ODT were set to 3 m/s and 3 m/s2, respectively, to simulate running and stopping. To validate the target performance, dynamic analysis was performed using a commercial multibody dynamics software (ADAMS), as shown in Figure 6. To obtain realistic analysis results, the boundary conditions, including the mass and inertia, were set based on 3D modeling, gravity, the initial X-axis drive chain tension (3000 N) and the Coulomb friction due to contact between the segment belt and the Teflon-coated segment structure [19].



The X-axis motion simulation was done by actuating all 64 unit segments (total weight: 576 kg) and human mass (150 kg) through the rotation of the chain and sprocket, and Y-axis motion was performed with one segment among the 27 segment belts on the active surface loaded with 150 kg to simulate a human mass. The additional information of the proposed ODT is summarized in Table 1, which is used to determine the actuator power. The X-axis and Y-axis motor instantaneous powers required to maintain a speed of 3 m/s were determined to be 28 kW and 8 kW, with average values of 8.8 kW and 4.2 kW, respectively. Table 2 summarizes the power requirements for each axis actuation.



In the presented system, 3-rows of GOP shafts were installed to connect 6 GOPS per one segment, as shown in Figure 7a, to secure the performance of the geared-coupling between the segment and GOPS. Thus, this mechanism reduces the power concentration on the contacted teeth of a segment belt by increasing the number of the contacted teeth by 3 times. Therefore, it can guarantee the power transmission performance because the generated motor torque required to drive the segment belt is distributed over the 3-row GOP shaft. The motors (Motor1y, Motor2y) actuate the power transmission belts, which in turn drive the gearboxes. The gearboxes actuate timing belts for rotation of the 3 GOP shafts simultaneously as a mechanically coupled power transmission system. The actuation mechanism for the X-axis also uses a distributed power design, in which the four drive chains are mechanically coupled. In Figure 7b, Motor1x and Motor2x simultaneously actuate the drive chains by actuating the sprockets.



As the designed ODT requires (1) a power transmission mechanism for driving the 3-row GOP shafts simultaneously, (2) a chain-sprocket mechanism for constraining and carrying the segments, and (3) a frame stiffness suitable for high velocity and acceleration, the interior of the ODT has very limited space. Therefore, motion actuation along each axis is generated using two synchronized motors, as shown in Figure 7. Under this distributed actuation, the motors’ power can be distributed uniformly to all the power transmission components without excessive stress. Moreover, this actuation design provides comparatively faster command response than a single motor design [23].



Since the system uses a distributed power scheme, it is important to achieve precise speed control of both actuators to prevent damage to the power transmission components [17]. To simultaneously minimize the differences in speed and torque of both actuators, a cross-couple control scheme [24] was incorporated into the low-level control of the proposed ODT, as shown in Figure 8.



The low-level controller synchronizes the motor speeds according to the desired speed command (vci), where vc = [vcx, vcy]T is the desired speed of the active surface, and v1i and v2i correspond to the velocity of each motor, determined via encoder feedback with respect to the X or Y-axis, Tc1i and Tc2i are the torque values. Synchronization for reducing the difference of each motor’s speed (vvi) and torque (vTi) in each axis was achieved by proportional-derivative (PD) control, as follow:


   v v    i  =  C v    i   (   v 1    i  ,  v 2    i   )  =  k  P v     i   (   v 1    i  −  v 2    i   )  +  k  D v     i    d  (   v 1    i  −  v 2    i   )    d t   ,   i = X , Y ,  



(4)




where kPv and kDv are the positive gains of the speed controller. The torque synchronization controller is also implemented using PD control, as follows:


   v T    i  =  C t    i   (   T  c 1     i  ,  T  c 2     i   )  =  k  P t     i   (   T  c 1     i  −  T  c 2     i   )  +  k  D t     d  (   T  c 1     i  −  T  c 2     i   )    d t   ,   i = X , Y ,  



(5)




where kPti and kDti are the positive gains of the torque synchronization controller, and Tc1i and Tc2i are the torque values for the control input of Cti. To secure control stability of the low-level controller, suitable gains were selected based on the Nyquist criterion by considering the backlash model [19,25]. In terms of the Nyquist criterion, the intersection shows a marginally stable condition, i.e., within 0.4 Hz. Regarding the gain of the controller, the X and Y values were set as; kPvi = 0.1 and 0.5, kDvi = 0.02 and 0.04, kPti = 0.2 and 0.4, and kDti = 0.08 and 0.1, respectively.




2.5. Fabricating the ODT and Verifying the Performance


The proposed ODT fabricated as shown in Figure 9 has the following major characteristics: (1) high transmission efficiency via the novel GOPS for driving the segment belts for Y-axis motion, (2) low-weight unit segments for fast X-axis motion, (3) distributed motor actuation to reduce the motion response time and the strain on transmission parts.



To verify the performance of the proposed ODT, we measured the maximum acceleration and velocity of the active surface. The motion command was given as a sinusoidal signal of a magnitude of 3 m/s at 0.16 Hz for generating the maximum acceleration of 3 m/s2. In addition, to verify the low-level controller, the velocity and torque transmitted from the motors were also measured.



Figure 10 shows the results of the maximum speed and acceleration. The root mean square (RMS) value of the speed difference was 0.0087 m/s for the Y-axis, and 0.0013 m/s for the X-axis, respectively, as shown in Figure 10a,c. Thus, the speed synchronization and command-following performance are considered to be stable. In the Y-axis case, the RMS value of the torque bias was 27%, while in the X-axis case, the RMS value of torque bias was 20%, as shown Figure 10b,d. Thus, the low-level controller can overcome the nonlinearities present in the power transfer process and adequately distribute the load to the motors while executing the motion commands. It can also adequately compensate for the torque difference.



In the maximum performance, both axes showed a torque requirement of about 1.75 times the rated motor capacity, due to the implicit friction of the real system. However, the servo motors guarantee operation at 200% of the rated torque capacity for a period of 5~10-min. Therefore, the system can safely achieve high velocities and accelerations exceeding 3 m/s and 3 m/s2, respectively.



Table 3 compares the specifications of the existing 2D treadmills and the proposed ODT. The proposed ODT has a workspace of 2.5 m × 2.5 m, which is sufficient for safe running and various other types of locomotion, such as crawling. It can achieve the higher velocities and accelerations than the others. Also, due to the use of the distributed actuation system, the overall system height is <64 cm.





3. LI Control for Omnidirectional Running


3.1. Design of High-Level Controller


For effective treadmill-based gait exercise, a user speed adaptation controller should converge to an intentional speed of a user fast and precisely [26]. Moreover, it should effectively compensate the position error from the reference position to prevent feet twisting within turning motions in 2D treadmill simulations [15]. This is because if a user performs a step turning while too away from the reference position, an excessively unintended motion of the active surface in ODT occurs in lateral direction.



To verify that the fast directional changes during walking and running is possible using to the proposed ODT by conducting turn walking, the high-level controller facilitating is designed by using the 1D treadmill system model shown in Figure 11. When walking or running, the position error is derived as follows [27]:


  d  (  x −  x d   )  / d t = −  v c  +  v w  ,     v ˙  c  =  a c  ,  



(6)




where x is the current user position with respect to the reference position, xd is the desired position, vw is the intentional velocity of the user, and vc and ac are the treadmill belt velocity and acceleration commands, respectively. In the model shown in Equation (6), vc is applied to the treadmill servo motors, where its dynamics are compensated by the low-level controller. To avoid sudden variations in belt acceleration, the dynamics are extended using ac. The final control input (vc) can be obtained by time-domain integration of ac. To maintain the user at the center position, the desired position (xd) is set to zero (i.e., xd = 0) and saturation is applied to vc to remove the oscillatory command due to the negative position error when a user does not intend to walk.



As shown in Figure 12, for expanding to the 2D treadmill model, the user should be able to maintain forward locomotion while changing the walking direction. Thus, the controller uses the measured user orientation angle (θ) to create the user coordinates (Xuser, Yuser). The Xuser-axis is set up along the anterior-posterior (AP) direction of the user’s body, and the Yuser-axis is along the medio-lateral (ML) direction. The walking intention (    v  w   ), referred to in treadmill coordinates, is converted to     v  w  u s e r     in the user coordinates. To interface with the walking intention     v  w  u s e r    , the control command     v  c  u s e r   =    [       v c  X ,   u s e r        v c  Y , u s e r        ]   T    is generated by the high-level controller with respect to the user coordinates. Then, this control command is transformed into treadmill coordinates as     v  c   . According to the adaptive treadmill controller, which can be considered to be a cascade system [28], the linear growth rate of the interconnection term and the convergence property represented by Equation (6) guarantee the stability of the entire system. Thus, the control command (    v  c   ) for interfacing with the 2D gait information is derived as follows:


    v  c   =    R   z , θ     v  c  u s e r   =   R   z , θ    (     v ^   w  u s e r    +   μ  u s e r    )  ,  



(7)




where     R   z , θ     is the orientation matrix of the Z-axis according to the orientation of the user,     μ   u s e r     is a continuous input using the RISE controller [29] to compensate for the user position error due to error in the estimation of     v   w    , and      v ^   w  u s e r     is the 2D feed-forward term based on the user’s coordinates, which is simply expanded from [27], as follows:


     v ^   w  u s e r    =    k   o    (    p   u s e r    - ξ   )  ,     ξ ˙  = -    v  c  u s e r    +    k   o    (    p   u s e r    - ξ   )  ,  



(8)




where     p   u s e r    = [xuser, yuser]T represents the position error in the user coordinate system, ko  ∈  R  2 × 2     is a diagonal positive constant matrix which determines the convergence rate of the observer output to the true value of      v ^   w  u s e r     stably [30], and ξ is the state of the feed-forward term, Finally, the total control law including the feedback command (    μ   u s e r    ) in the user coordinate system can be derived as follows:


    v  c  u s e r   =    v ^   w  u s e r   +  k a     ∫ 0 t    q   (  t ¯  )  d  t ¯     +  (    k  s  +  I   )   α 2     ∫ 0 t      p ˙    u s e r    +    α   1     p   u s e r         d   t ¯  + β    ∫ 0 t   sgn  (     p ˙    u s e r    +    α   1     p   u s e r    )  d  t ¯     ,  



(9)




where α1  ∈  R  2 × 2     and ks  ∈  R  2 × 2     are diagonal positive matrices, β, ka and α2   ∈ R   are positive constants, and q is the error of the velocity command defined as     v  c  u s e r   −   R   z , θ  T   v. The applied RISE control scheme for the uncertainty compensation reduces position error via a closed-loop system while guaranteeing stability and asymptotic convergence of the position error by the estimation property of the RISE control scheme with the applied observer [22]. Similar procedure of the high-level control design for a user-driven treadmill such as observer-based control is also performed in the other research [30].



Moreover, the stability issue by the applied saturation is eliminated by a supervisory algorithm which perform initializing to the integral term of the RISE controller when a user stays behind the reference position [22]. It also solves the chattering problem that usually affects sliding mode control (SMC) systems [29].



To apply the designed controller to the 2D treadmill, the dead zone should be defined with respect to the user’s ML direction (Yuser-axis), as shown in Figure 12. Although the user walks straight ahead, the waist shows a swaying motion in the ML direction. The ML motions of a user during walking can affect the treadmill controller by inducing a continuous response. In the study reported in [31], the maximum displacement of the body’s center of mass in ML direction was shown to range from 5.65–8.33 cm. Thus, the dead zone in the ML direction applied in the current work is ±4 cm.




3.2. Performance of Curvature Radius


An ODT allows for a curved path of locomotion by combined motion of the X and Y axes in the treadmill frame. It is necessary to determine the lowest radius of curvature of a user, which can be used as the performance index for changes in direction during locomotion [9]. This range can be obtained based on the linear and angular velocities of a user according to the acceleration limits of the proposed ODT. When a user changes direction at an arbitrary angular speed in the user coordinate frame, the velocity command, vc, in the treadmill frame can be approximated as follows:


    v  c   ( t )  ≅   R   z , θ     v  w  u s e r   ,  (  θ =  θ ˙  t +  θ  i n i t i a l    )  ,  



(10)




where   θ ˙   is the angular velocity of the user, θinitial is the initial user orientation angle, and     v  w  u s e r     is the user’s intended velocity that is assumed to be a positive real value along the Xuser-axis (see Figure 12). Therefore, the maximum velocity and acceleration that the ODT can generate relates to the intended velocity and the angular speed of a user as follows (here, θinitial = 0):


      v  c   ( t )  =  ‖    v   w , g i v e n   u s e r    ‖  cos  (  −  θ ˙  t  )   i →  −  ‖    v   w , g i v e n   u s e r    ‖  sin  (  −  θ ˙  t  )   j →       ‖    d   v  c    d t    ‖  =  ‖    v   w , g i v e n   u s e r    ‖  ×  |  θ ˙  |  ≤ 3 m /  s 2     s   . t   .     ‖    v   w , g i v e n   u s e r    ‖  ≤ 3 m / s    



(11)




where i and j are the unit vectors along the Xuser and Yuser axes. If the intentional user velocity is less than 3 m/s and the proposed ODT has an acceleration limitation of 3 m/s2, the allowable range of the angular velocity   θ ˙   of the user, shown in Figure 13a, can be calculated from Equation (11). Given that the intended velocity (    v   w , g i v e n   u s e r    ) is not directly measurable and is instead an estimated value, the user’s travel trajectory (  L →  VR), defined in VR coordinates (XVR, YVR), can be calculated by integrating the vc into Equation (12), as follows:


    L →     V R    ( t )  ≃    ∫ 0 t     v  c   ( τ )       d τ =    ∫ 0 t     R  Z   ( θ )    v  w  u s e r    ( τ )       d τ ,  



(12)







Since   L →  VR has arbitrary curved paths in the VR, the curvature radius of   L →  VR can be calculated as follows:


   r c  =      ‖    v  c   ( t )   ‖   3   /     ‖    v  c   ( t )  ×    v ˙   c   ( t )   ‖    =    ‖    v  c   ( t )   ‖     /     |  θ ˙  |    ,  



(13)







When a user changes direction without moving, their allowable angular velocity can be infinite. Faster user speeds tend to decrease the allowable range of angular velocity. From Equations (12) and (13), it is possible to determine the minimum radius of curvature of the proposed ODT corresponding to any acceleration (0.001–3 m/s2), as shown in Figure 13b. It should be noted that due to the limited acceleration performance defined in Equation (11), the minimum radius of curvature is dependent on both the user’s speed and the allowable angular velocity.





4. Pilot Study Results of Locomotion Interface Device with 2-Dimensional Running


4.1. High-Level Controller Setup for Locomotion Interface


To interface the hardware components for the proposed high-level controller, we used a PXIe-8153 (National Instruments) and a personal computer (Intel i5-8400), as shown in Figure 14. The loop frequency of the high-level controller with the designed gain parameters was 1 kHz, and the motion capture system (VICON) frequency was 100 Hz to detect the user position precisely. The optical system can reduce hindrance to the user’s free locomotion on the treadmill and increase the freedom of the motion interface than wearable or attached sensor type due to allow free direction change.



The low-level controller used a programmable logic controller (MP2100; Yaskawa). Four markers were attached around the user’s waist to measure the position of the pelvis. The markers were positioned up to the posterior superior iliac spine to minimize the effects of the swaying motion of the waist.




4.2. Running Performance of High-Level Controller


The proposed high-level controller should be able to compensate the position error regardless of the user’s intended gait speed and changes in direction during running. Therefore, the pilot study of omnidirectional locomotion was carried out with one user (Sex: man, Age: 33) to verify acceleration performance of the proposed ODT with the designed controller. For this purpose, we asked the user to change direction by step turning, while running as fast as possible on the active surface of the ODT. In this study, we aimed to determine whether or not the ODT allows the user to perform omnidirectional locomotion while remaining unaffected by the acceleration limitations of the proposed system. Before starting the test, the user is briefed on how the system works, and the use was allowed to walk or run in the system for 10 min freely to familiarize how the system works. In the pilot test, the user completed three laps, generating a circular path in the VR environment. The running velocity was displayed on a 360° screen at 0° and 180° orientations in a spherical display surrounding the proposed ODT.



As shown in Figure 15a, the user achieved a gait speed of 1.8–2.8 m/s. The angular velocity filtered using a low-pass filter with a cut-off frequency of 1 Hz is shown in Figure 15b. The average angular velocity was 0.23 rad/s. Figure 15c shows the active surface speed of the ODT controlled by the low-level controller according to commands given by the high-level controller. As shown in Figure 15d, although the user performed rapid changes in direction during running, the maximum acceleration of the active surface was less than 1.1 m/s2. Thus, the proposed locomotion interface device can handle about 2.7 times the maximum acceleration achieved when a user changes direction while running at 1.8–2.8 m/s.



Figure 15e shows the user’s trajectory in the VR environment according to Equation (12). The average radius of the three virtual laps was calculated to be ~11.2 m, based on Figure 15f, which shows the radius of curvature r during the pilot study. The r is infinite at the beginning and end of running period due to the angular speed being zero. However, during omnidirectional running, r ranges from 6.1–35.7 m. As indicated by the solid red lines in Figure 15f, the local maximum radii of 29.3 m and 35.7 m occurred at 35 s and 69 s; when the user’s angular speed reached the local minimum values. The local minimum radii (dashed red lines) occurred at 21 s, 38 s, and 50 s when the user’s angular velocity was near its local maximum values. It should be noted that according to Equation (11), the acceleration value of the proposed ODT is proportional to the product of the user’s velocity and angular velocity. However, based on Equation (13), rc is proportional to the user’s speed and is inversely proportional to the angular velocity of the user.



Contrary to the Virtual Walking Machine [9], which aims to allow omnidirectional walking using two parallel robots, the proposed locomotion interface device does not have mechanical constraints with respect to the radius of curvature for omnidirectional locomotion. In addition, it allows for directional changes by the user, even during running, and has a sufficient acceleration capacity. Therefore, this study shows that the acceleration performance of the developed ODT is sufficient to handle high-speed (i.e., running) omnidirectional locomotion.



We also observed the position errors. The position errors are calculated by curve-fitting using the least squares method, as shown in Figure 16. The center of the ellipse is located within less than 0.05 m of the reference position, and the length of the long and short axis of the ellipse was about 0.36 m and 0.27 m, respectively. These magnitudes of position error did not affect to the user’s running, and the subject could successfully accomplish the omnidirectional running. Therefore, it can be concluded that the developed locomotion interface device with the proposed ODT can stay within the acceptable range of position error when the speed and orientation are changed dynamically.



About the user experience, the user remarked that the current environment including the proposed 2D treadmill and the spherical screen was able to provide a sense of space as the user could simultaneously see their actual lower limbs. However, the experiment with the proposed 2D treadmill and the designed high-level controller does not give the feeling of acceleration such as walking on real ground. When a user performs a walking motion, their actual absolute speed converges to 0 m/s due to the action of the high-level controller that works to maintain the user in the reference position. This behavior of a user-driven treadmill generates the anomalous force to the user. The cause of this phenomenon is defined well in [32]. For a gait interface to be as close as possible to walking on the ground, it is recommended that the rate of convergence to the user’s intended walking speed should be low. However, in the 2D treadmill, if the position robustness performance is not guaranteed due to the low convergence rate, the risk of a fall increases. Thus, for the safety of the user, in this work, we have focused on the walking interface performance rather than the close simulation of walking on the ground.





5. Conclusions


Here, we have introduced a novel ODT-based locomotion interface device with fast acceleration, based on a new power transmission concept and analyzing its design parameters. The power transmission efficiency of the Y-axis is greatly improved using a novel geared omni-pulley (GOP) transmission mechanism. Due to the use of this mechanism, the unit segments do not require dedicated actuators, thus reducing their weight and complexity. In the case of X-axis motion, high speed and acceleration can be achieved due to the relatively small mass and inertia values, and a simple structure. The proposed motor synchronization scheme for low-level control distributes the required load of the ODT among the motors for a fast response. Moreover, the high-level controller with the linear observer and RISE control allows a user to walk and run omnidirectionally, and the user position errors was within the range of about 0.36 m. Finally, we verified that fast directional changes by the user during walking and running do not exceed the acceleration limit of the system (3 m/s2). Thus, the developed locomotion interface with the fast ODT is expected to serve as a representative VR interface device for normal walking and running, with many potential applications. In future works, an intelligent controller will be designed to provide an immersive VR experience by simulating more complex types of locomotion, such as quick turning, side stepping, and backward walking. Furthermore, in the future works, it is planned to conduct User Experience Questionnaire (UEQ) with the more users for a qualitative evaluation of the feeling of the subjects who have an experience of gait interface with the proposed system.
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Figure 1. Omnidirectional treadmill (ODT) concept (see Figure 2 for the cross-sectional view), and the geared omni-pulley (GOP)-based actuation scheme of the proposed ODT to generate infinite 2D ground. 
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Figure 2. Cross-sectional view of the Y-axis motion of a 2D treadmill (unit segment): (a) Transversal treadmill actuated directly by an actuator (Torus or Cyberwalk treadmill), (b) Frictional transmission mechanism based on the Omni-wheel via the frame-fixed motor (US army ODT), (c) The proposed mechanism based on gear-driven transmission via a frame-fixed motor. 
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Figure 3. (a) GOPS design including toothed rollers, (b) The front projection of GOPS design with a normal geared-pulley parameter, and GOPS configuration with its geometric analysis. 
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Figure 4. GOPS design parameters and range of toothed roller size. 
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Figure 5. (a) Drive chain of segment treadmills for X-axis motion, (b) Design and operation of the synchronizer mechanism. 
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Figure 6. Dynamics simulation for X and Y axes. 
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Figure 7. Mechanically coupled actuation system design: power transmission mechanisms of (a) the Y-axis and (b) the X-axis. 
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Figure 8. Low-level speed controller for motor synchronization. 
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Figure 9. The developed ODT using GOP actuation on the active surface, distributed actuation, and the dynamics simulations results. 
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Figure 10. Verification of the performance using a sinusoidal motion command for surface acceleration of 3 m/s2. (a) Y-axis speed synchronous performance, (b) Y-axis torque synchronous performance, (c) X-axis speed synchronous performance, and (d) X-axis torque synchronous performance. 
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Figure 11. High-level LI controller for a 1D treadmill. 
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Figure 12. Expansion of high-level LI controller; 2D locomotion control commands and the dead zone in the saturation direction of the motion command in the user coordinates. 
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Figure 13. Performance analysis of the proposed 2D treadmill. (a) The allowable range of angular velocity, given the acceleration limitations of the 2D treadmill and the user velocity, and (b) The minimum radius of curvature based on the performance of the proposed ODT. 
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Figure 14. System configuration and gain parameters of the high-level controller used to evaluate running performance. 
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Figure 15. Pilot study results. (a) The control command     v  c  u s e r     of the high-level controller, (b) angular velocity θ of the user, (c) velocity command (vc) and the actual velocity (v) of the active surface in treadmill coordinates (X, Y), (d) magnitude of the acceleration generated by the treadmill, (e) trajectory of the user in virtual reality (VR) coordinates (XVR, YVR), and (f) the radius of curvature rc of the user. 
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Figure 16. Position errors in time domain and their ellipse fitted graph in the treadmill coordinate. 
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Table 1. The ODT Specifications for Dynamic Simulation.
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Item

	
Specifications






	
System frame dimensions

	
2780 mm × 3310 mm × 640 mm




	
Active surface area

	
2.5 m × 2.5 m




	
Unit segment dimensions

	
100 mm × 2577 mm × 70.5 mm




	
Unit segment weight

	
9 kg




	
Number of segments

	
64 units




	
Number of active segments

	
27 units




	
Number of GOPS in 1 GOP shaft

	
54 units per 1 GOP shaft




	
Chain and timing belt

	
X-axis drive chain

	
Y-axis segment belt




	
Pitch

	
18.875 mm

	
10 mm




	
Width

	
9.4 mm

	
96 mm




	
Actuation part specification

	
Sprocket

	
GOP shaft




	
Pitch diameter

	
396.375 mm

	
114.59 mm




	
The number of teeth

	
21

	
36
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Table 2. Power Requirements.
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Axis

	
Required Pulley Torque

	
Required Pulley Angular Velocity

	
Power






	
X

	
1768 Nm (max.)

	
15.63 rad/s

	
28 kW (peak)




	
563 Nm (avg.)

	
8.8 kW (nominal)




	
Y

	
148.5 Nm (max.)

	
52.35 rad/s

	
8 kW (peak)




	
81 Nm (avg.)

	
4.2 kW (nominal)
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Table 3. Comparison with Existing 2D Treadmills.
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Y-axis Drive

Mechanism

	
Active Surface Area/Thickness

	
Actuator Specification

	
Max. vel.

(km/h)

	
Max. acc. (m/s2)






	
US army ODT 1

	
Frame stationery motor with omni-wheel

	
1.3 × 1.3 m2

/0.46 m

	
X-axis

	
4 kW (1 EA)

	
7.2

	
Under 1




	
Y-axis

	
4 kW (1 EA)




	
Cyber Walk

	
Segment attached motor

	
6.5 × 6.5 m2

/1.5 m

	
X-axis

	
40 kW (4 EA)

	
7.2

	
0.5




	
Y-axis

	
37.5 kW (25 EA)

	
10.8

	
0.75




	
Torus treadmill

	
Segment attached motor

	
1 × 1 m2

/0.5 m

	
X-axis

	
200 W (1 EA)

	
4.3

	
1




	
Y-axis

	
960 W (12 EA)

	
4.3

	
0.8




	
Proposed ODT

	
Frame stationery motor with GOPS 2

	
2.5 × 2.5 m2

/0.64 m

	
X-axis

	
8.8 kW (2 EA)

	
10.9

	
3




	
Y-axis

	
5.8 kW (2 EA)

	
10.9

	
3








ODT 1: omnidirectional treadmill, GOPS 2: geared omni-pulley set.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
64 transversal treadmill

Mass: 150kg





media/file4.png
Unit segment be\lt *Z

» Y Segment attached motor
(a) Directly actuating the unit
Rail segment belt such as a normal
al System fi .
Yoo rame treadmull
) > Y
/4 Aﬁ‘/ Omni-wheel rotated by frame
................. B oo stationary motor(s) for actuating
(b) % the segment belt
Frictional 74 I Passively refational part
y
transmission =
Az /,:mGeared type transmission
i S ——— P p——_ (i.e. Pinion)
eared-type
(©) ‘

rame stationary motor and a
mechanism for rotation of segment belt

System frame





media/file30.png
High level Hiah-level
Operator controller ccl)gnt;oel;,eer
PC | States (NI-PXle 8153
\ —| real-time OS ver.)
User position A
(User coordinate)l V . \%
Low-level
Motion capture | Low level controller controller and
system(Opti-track) States ODT system
User posmon (Treadmill coordinate) (YMP2100 PLC)
1.8 _
[0 . 002] ks =0.25 ke = [o 0.2]
-5 o4l a2 =0.05 B=0.02






media/file18.png
i
P Speed ]:;1‘ i
Y Controller| | [Motor1
V <—-VT

. Speed
Controller

i,
| Motor2

033
X
%






media/file35.jpg
0.4(m)
03
02
01

(s)

°

0.1
02
03

04 s y —
XY y . 02 04(m)






media/file21.jpg
30y 200

150
2 100
50
1 0
0
0 -100
0 & 0 15 20-150
Desied velocty (m/) | —X1 velociy (s —X1 togue ()
ey e roraue dfrence 09 RS sverage )
@ )
e 20000
150
e 100
1 s0
[
3 o s Tl s om
' s w0 s w0
—besied veocty (/e —¥1 velocty (9 Y1 sorque (9

= ¥2 velocity (m/s) —Torque difference (%) | —RMS average (%)
ty s a ) g





media/file26.png
Dead-zone along ML direction
in the user coordinate

-"-"’ /

Saturation direction

of the desired motion
uscer
command V,






media/file27.jpg
Infinity
angular speed

%

Limitation of
the veloc
performance

2
Userspeed along X**-axis
@

10m i /
o .

E  Alloy A:le /
3 e ///
i
£, i/

£ /
E
£
&

Usersped along X" -axs

b)





media/file3.jpg
Unit segment belt Segment attached motor

‘Directly actuating the unit
Rail segment belt such as a normal
treadmill

Omni-wheel rotated by frame
stationary motor(s) for actuating
the segment belt

) {

Frictional
transmission

Geared type transmission
(i.c. Pinion)

rame stationary motor and a
mechanism for rotation of segment belt

System frame





media/file22.png
3(m/y

0
0 5
Desired velocity (m/s)
== X2 velocity (m/s)

10

a

3(mv/s

0
0 5
===Desired velocity (m/s)

- «Y2 velocity (m/s)
(c)

10

—Y1 velocity (m/s)

200
150
100

hmill

) |
"- T n ;
o L 015 I

_50 ()20

-100
15 20-150 .

—X1 velocity (m/s) ~=X1 torque (%) ==-X2 torque (%)
—Torque difference (%) ) —RMS average (%)
200(%)
150
100

(8)20
20 -50
==Y1 torque (%)
—Torque difference (%)

15

-=-Y2 torque (%)
—RMS average (%)





media/file19.jpg





media/file7.jpg





media/file28.png
Allowable 6

(@)

S

Infinity

3'%2

User speed along

(a)

angular speed

Limitation of

the velocity
performance

XUS er

-axis

ius ()

d
o

Inimum ra

M

o

Do

User speed along X" -axis

(b)





media/file14.png
64 transversal treadmill

Mass: 150kg





media/file6.png
Axis of

/’ passive /
e N\
é rotation o

Toothed roller
with passive
rotation

(a)

toothed size of
roller 4 toothed

— — roller

(b)





media/file36.png
0.4 (m)
0.3
02 i

o Ry (A

0.1 0 £ 016G | [80 |100(s)

-0.2 | /
0.3 '
0.4 ~






media/file15.jpg
Motor1 power

Motor2y

Shaft for rotation
of X-axis sprockets






media/file32.jpg
VR coordinate (X', YVR)
20(m) 50(m)

Interval of
rotational gait

<25 -20

-10 0 20 40 60 80 100(s)
() (f)





nav.xhtml


  applsci-11-04223


  
    		
      applsci-11-04223
    


  




  





media/file11.png
ft

W GOP sha

[\ GOP with
}':,_'_' toothed rolle

v
>
-
=
L
>
4
X

)

d

(





media/file16.png
GOP Shaft
3rd row of
GOP Shaft

pmmee—-Y2 part

£

] I— e _t< e :
1 ! uonows sixe- A
JEEITTVISELR oo A
|

|

M

- 3

> z
|
-3
¥
| 2
| =

R ——————

\

(a)

4

B ————

. . .

X2 part

power

t for rotation
axis sprockets

f

Sha
of X

Motorlx

(b)





media/file2.png
The available motion of 's motion V
segment (transversal X-ax! d spro
treadmill) (chain an

cket) (i tllh in blho tio TZ
80d

Omnidirectional motion in
active surface

Recoupling to input geared
pulley in active surface

L

No coupled with the Input geared pulley for X-axis
input geared pulley the Y-axis motion drive chain

\ -ll.r‘ /?
4 k-‘«-r:‘f ional
.......,;_j,oww of

sprocket for
the X-axis
motion






media/file20.png





media/file23.jpg
{

Feed-

forward v, Saturation
. a, System
Feedback o lovel
low-level
7 controller






media/file10.jpg
Synchronizer

Transversal treadmill belt on the active surface

Synchronizing state:
The belt speed when
recoupling the

transversal treadmill

Geared-actuation state
The belt speed in the.
active surface

(b)






media/file5.jpg
with passive
rotation






media/file24.png
|

Feed-
forward

» Feedback

lq

\ Saturation

Ero

A

/T

System

with the |

low-level
controller

I <






media/file33.png
User coordinate (XUser, Yuser)

0.5 (rad/s)
0.4
0.3 | |
0.2
0.1 141 i
111 h\
0 n il i,

0 120 40 60 80 100(s)

(b)

-0.1

Treadmill coordinate (X, Y)
1.2 ("/2)

1
0.8
0.6
0.4
0.2
| 0
vi vY -0.2

(c) (d)

0 20 40 60 80 100(s)





media/file29.jpg
Operator

PC

High level

controller Higr:rlﬁrm
controller
suate (NI-PXle 8153

Motion capture
system(Opti-track)

TUser position

» real-time OS ver)

(Wser coordinare))V,, TV

Low level controller

states

Low-level
controller and
ODT system

sition (Treadmill coordinate)

L [;oj 022]
a=[% ol

25

(YMP2100 PLC)

=g o2l
p=0.02





media/file1.jpg
[The available motion of is m
segment (transversal e
treadmill) (chain 2

Omnidirectional motion in
active surface

Recoupling to input geared
pulley in active surface

(I

No coupled with the Input geared pulley for X-axis
input geared pulley the Y-axis motion drive chain

otion
d sprocket)

sprocket for
the X-axis
motion






media/file31.jpg
User coordinate (Xusr, Yuser)

3s) 0.5(rad/s)
25 04
2 03
15
1 02
05 01
1
0 ol 0 [
050 20 40 60 80 10005) 0720 40 60 80 100(s)
Xuser Yuser
— v s 0.1
(@) (b)

Treadmill coordinate (X, Y)
120

1
08
06
04
02

0

02 °

1
Hi
20 40 60 80 100(s)

(d)





media/file25.jpg
Dead-zone along ML direction
in the user coordinate

P

Saturation direction
of the desired motion

user
command V'






media/file12.png
Scron

izer

Transversal treadmill belt on the active surface

Synchronizing state:
The belt speed when
recoupling the

transversal treadmill

(b)

Rotational speed

l——

Geared-actuation state:
The belt speed in the
active surface






media/file9.jpg
GOP with
toothed rolles






media/file0.png





media/file8.png
1.5n—-1
ATy s
2 MaX(r 70 l l erz/lr“\;f“ . /“-15/\.

) ! T & roller Jthick
‘\ NE = =L D>—
N v [ = - = ._./_...Jvl
== A | - };oll‘ér\_’fh ick

) N | Min(?
X Froller) Zé

roller T yoller thick





media/file34.png
VR coordinate (XVR, YVR)

20(m) i(s)(m)

40

35

30

25

20

15
5(m) 12

0
-10 0

Interval of
rotational gait

<€ —>

I n ! L
20 40 60 80 100(s)
(f)





media/file17.jpg
Controller

i
Motor1

-

Speed
Controller|T" /

j
Motor2






