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ABSTRACT

In this paper, we present the redesign and analysis of a century old walking toy. Historically, the toy is made
up of two wooden pieces including a rear leg and a front leg and body (as a single piece) that are attached to
each other by means of a pin joint. When the toy is placed on a ramp and given a slight perturbation, it ambles
downhill powered only by gravity. Before the toy can walk successfully it needs careful tuning of its geometry and
mass distribution. The traditional technique of manual wood carving offers very limited flexibility to tune the mass
distribution and geometry. We have re-engineered the toy to be 3D printed as a single integrated assembly that
includes a pin joint and the two legs. After 3D printing, we have to manually break-off the weakly held support
material to allow movement of the pin joint. It took us 6 iterations to progressively tune the leg geometry, mass
distribution, and hinge joint tolerances to create our most successful working prototype. The final 3D printed toy
needs minimal post-processing and walks reliably on a 7.87 degree downhill ramp. Next, we created a computer
model of the toy to explain its motion and stability. Parameter studies reveal that the toy exhibits stable walking
motion for a fairly wide range of mass distributions. Although 3D printing has been used to create non-assembly
articulated kinematic mechanisms, this is the first study that shows that it is possible to create dynamics-based

non-assembly mechanisms such as walking toys.
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1 Introduction

Passive dynamic robots are machines that can walk or run downhill using only their natural dynamics. These robots
are made by assembling individual parts and by iteratively tuning their dynamics by placing external weights and testing
on a downhill ramp. Each time a new robot is assembled, it needs to go through this iterative tuning. In this paper, we
explore the creation of a passive dynamic walking toy using 3D printing. The approach has multiple advantages: (1) the
mass distribution can be easily tuned by modifying the CAD dimensions and/or print properties (e.g., in-fill), (2) the joints
can be printed within the 3D printed body to create an articulated toy without the need for assembling or for additional
tooling, and (3) once a successful design iteration is achieved, multiple toys can be 3D printed with minimal tuning. The
disadvantages are the long print times for simple designs and the difficulty in fine control of the mass distribution because of

the assumptions made by CAD softwares (e.g., uniform mass distribution). However, it is conceivable that the disadvantages

will be overcome with further advances in 3D printing.

2 Background and related work
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Fig. 1. Wilson Walkie [1] (A) Front view, (B) Side view, (C) A 3D printed wilson walkie and wooden toy in the inset [2]

Passive dynamic toys have been in existence for almost 100 years as evidenced by a number of patents (Fallis 1888 [4]

Bechstein 1912 [5], Mahan 1909 [6], Ravert 1932 [3], and Wilson 1938 [1]). We discuss two toy designs.

5

1. The patent of the Wilson walkie [1] is shown in Fig. 1 (A) and (B). The toy has two legs, each of which connects to a

body through a hinge joint. When the toy is launched on a downward incline, the side-ways rocking of the body lifts a

foot off the ground. The off-ground foot then swings forward to complete a step. The same sequence is repeated with

the other foot and enables the toy to descend downbhill.

2. The design of Ravert’s toy [3] is shown in Fig. 2. The toy consists of a body (number 10) and two legs (number 11). Th

€

body is connected to each leg by a hinge joint (number 12). There is a mechanical stop (number 13) to prevent the legs
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Fig. 2. Ravert Toy (A) Perspective view, (B) Toy duck, (C) Section view of the toy duck (taken from [3])

from overextending. There is a groove in the body (number 17) and the ramp has a guide rib (number 16) that prevents

the toy from veering sideways. Both toys are able to descend downhill when given a slight perturbation.

The term “Passive Dynamic Walking” was coined by Tad McGeer [7] who first demonstrated that a human like frame
can descend downhill powered only by gravity. While the toy designs mentioned earlier had a rather stiff gait, McGeer’s
robot had a more human-like appearance. To simplify balance, McGeer constrained his walker to 2D (only front-back or
sagittal plane motion) by pairing the inner legs to each other and similarly the outer legs. A true 3D passive dynamic walking
robot was built by Collins et. al. [8]. Design features included were curved feet with special guide rails, counter swinging
arms, and soft heels to improve stability in side-to-side (coronal plane) and left-right (axial plane) directions. A 2D passive
dynamic runner was created by Owaki et al. [9] by adding a torsional spring in the hip and linear springs in the legs. All of
these robots are statically stable when their legs are splayed. An interesting idea is to create a legged robot that cannot stand
stably but can move stably (like a bicycle). A walking toy based on this concept was created by Coleman [10] and more
recently a hopping robot was created by Steinkamp [25].

Gomes and Ahlin [11] created an (almost) passive dynamic walking robot, a rimless wheel, that can move on level
ground. Their design involves a hip spring that winds up as the rimless wheel moves from mid-stance to support transfer.
The wheel’s spoke touches the ground with almost zero speed ensuring a smooth support transfer. On the subsequent step,
from support transfer to mid-stance, the spring unwinds to power the rimless wheel. Other successful level ground walking
robots exploiting passive dynamic ideas use some or other form of actuation, such as reactive pendulum [12, 13], vibration
of beam [14], impulsive ankle push-off [15]. In such cases, actuation is necessary to overcome the energy losses during
locomotion (e.g., collisions, internal dissipation due to friction).

Another class of toys are those which rely only on their kinematics to walk, unlike the dynamics-based toys discussed
earlier. The simplest kinematic-based toys have a single input (e.g., a crankshaft) which is connected to multiple outputs
(e.g., legs) through a series of: gears, levers, and linkages. When the crankshaft is rotated, it sets the gears and/or levers
and/or linkages in motion that in turn cause the legs to move, and allow the toy to walk. One example is the Strandbeest,

which means “beach beast” when translated, created by Dutch artist Theo Jansen [16]. The original Strandbeest was several
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feet tall and made up of PVC pipes, but has recently been scaled down and 3D printed. In the Strandbeest, the crankshaft
is connected to propellers. The wind causes the propellers to rotate. This rotation is then converted to reciprocating motion
of the legs through a series of linkages, allowing the Strandbeest to walk. More recently, Coros et al. [17] have created a
computational framework that allows the non-experts to create animated characters which can then be 3D printed. Lipson et
al. [18] provides a history of mechanisms from the Cornell Kinematic Mechanisms collection that can be 3D printed. Since
these toys rely only on their kinematics, they are easier to tune in comparison to dynamics based toys discussed in this paper.

There has been limited work done on 3D printing dynamically walking toys. The Wilson Walkie has been 3D printed
by Haberland [2] and is shown in Fig. 1 (C). The body and the two legs are printed separately. A nail connects the two
legs to the body and also serves as a hinge joint. The toy is able to descend downhill just like the actual wooden Wilson
walker shown inset in Fig. 1 (C). More recently, Stockl [19] has created a toy similar to the Ravert walker [3] and Coleman’s
tinkertoy [10] but individual pieces were 3D printed and then assembled together. However, it should be possible to change
the design to print the entire system monolithically using the same material with a different in-fill for support structure as
done in this paper or by using separate support material that dissolves when dipped in appropriate liquid (usually water). The
latter is a feature available with newer 3D printers.

Our toy design is loosely based on the Ravert toy walker [3]. In our toy design, the legs are arranged back-to-back instead
of sideways (see Fig. 3). The main novelty of this work is the demonstration that dynamic walking toys can be 3D printed
as a non-assembly mechanism. More specifically, 3D printing allows us to design and print the toy as a single assembly
inclusive of the hinge joint, thus eliminating the manual assembly of the toy. 3D printing has allowed us to tune the mass
distribution, while preserving the toy’s shape and allowing for quick iteration on the leg geometry. Our final design evolved
in just 6 design iterations and was able to walk down a 7.87 degree incline with minimal post processing and is described in
Section 3. Further, we created a computer simulation of the model and analyzed the motion and walking stability in Section

4. A discussion of the results is presented in Section 5, followed by conclusion in Section 6.

3 Mechanical Design

Figure 3 shows the final toy design. The toy is based on the mascot of the University of Texas at San Antonio (UTSA)
named, “Rowdy” The Roadrunner. The toy has two legs. The front leg is fixed to the body, while the rear leg is attached to
the body through a single hinge joint. The hinge joint allows for rotation of the moving leg in the sagittal plane. When the
toy is placed on a ramp and perturbed slightly, it walks downhill alternating between the two legs. The toy was 3D printed
on Ultimaker 2. A video of the making of the toy and walking motion is in the references [20]. We discuss specific aspects

of the toy next. More details are in the Appendix A.

3.1 Hinge design
A hinge joint is used to connect the rear leg to the body and to allow relative motion between the body and the leg.
Figure 4 (A) shows a sectional view of the toy and indicates the tolerances on the hinge joint. We designed the hinge joint as

follows. We created a circular hole at the top-end of the leg. Next, we aligned the hole with a circular shaft that is designed
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Back leg is
connected to
body using
a pin joint

Fig. 3. The final working prototype

(A) Hinge design (B) In-fill pattern for 3D printing

Fig. 4. Sectional view of the design. (A) Hinge design with tolerances. All dimensions are in cm. Shaded areas represents hollow sections.
(B) In-fill pattern created by CURA, the post processing software for the 3D printer.

on the body. The hole was made slightly bigger than the shaft to allow the rear leg to move relative to the shaft on the body.
Note that the rear leg is not attached to the body and is floating in free space within the CAD design. While printing the toy,
the rear leg is held by support material (PLA with lower material fill than used to print the body). Once the printing was
finished, we broke off the support material to allow the rear leg to move.

Our initial prototypes of the printed toy had too little clearance between the circular hole and the shaft so that the rear
leg could not move freely. This was because of the limited printing resolution of our desktop 3D printer. We had to manually
increase the clearance between the hole and the shaft until we produced a functional hinge joint. The hinge joint has a little

bit of play in the transverse and coronal plane, and so the toy tends to veer in one direction during walking sometimes.

3.2 Leg and feet design

There are two legs in our toy design — a front leg that is fixed to the body and a rear leg that is connected to the body
using a hinge joint. The rear foot is a circular arc with its center at the hinge joint as shown in Fig. 5. The same radius of
curvature is used for the front foot. The shaded area near the rear foot in Fig. 4 (A) show the tolerances around the rear foot.
We also found that making the rear (moving) leg to be slightly longer than the front leg leads to a slightly better walking
performance than legs of the same length. It is unclear why this asymmetry improves the walking performance.

The toy walks easily on rough surfaces such as wood stock, cardboard, and plywood, yet it slips on aluminum. We
created grooves in the transverse direction along the bottom of the feet in attempts of increasing the roughness without
successful aid. However, by adding rubber soles to the bottom of the feet, the toy was able to walk on a 3D printed ramp

with a slope of 7.87 degrees. The rubber soles were cut from heat shrink tubing and were glued firmly to the base of the feet.
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3.3 Tuning the mass distribution

The mass distribution should be such that the center of mass is on the rear leg but beneath the pin joint when the legs
are held against each other. We were able to tune the design in CAD so that the mass distribution was between the two legs.
However, when the first prototype was printed, the center of mass was found to be in the front resulting in the toy sitting
on its beak. The discrepancy was due to the CAD software’s estimation of the center of mass based on a uniform mass
distribution which is not true when 3D printed.

To tune the mass distribution, we attached known weights to the rear of the toy until it achieved a static standing
position. Based on the tuned weight, we then re-adjusted the CAD design by enlarging the feathers and hollowing the beak.

The modification was successful in achieving the necessary mass distribution to achieve stable downhill walking.

3.4 Support Material

The role of the support material is to act as a scaffold to brace and hold overhanging and undercut structures while
printing, so that the printed plastic does not sag under gravity. In our case, the same PLA that was used for printing the toy
was used as support material, except with a lower material fill percentage, allowing for the manual removal once the printing
was completed.

In our toy design there are three distinct places where support material is used

1. Support material is placed between the rear leg and the body as shown by the shaded areas in Fig. 4 (A). The support
material is manually detached using a screwdriver to allow the rear leg to move.

2. Support material is placed in the hollow section of the beak along the transverse direction to allow 3D printing of the
beak as shown in Fig. 4 (B). The support material is inside the toy and cannot be removed once printed.

3. A layer of support material is deposited on the 3D printer bed before the toy is printed. The support material is removed
after the printing is completed. We noticed that if the toy is directly printed on the bed, then the face which is placed on
the bed gets warped due to the heat of the bed. Thus, the presence of the support material on the bed prevents the side

adjoining the bed from warping.

3.5 3D printing

Before 3D printing, the CAD design is pre-processed using CURA, an open source slicing software. At this point we
specify 3D printing parameters that include the scaling, the temperature of the nozzle, and the in-fill percentage. We choose
an in-fill percentage of 80% for the toy. A higher in-fill percentage increases the print time but too low a value decreases the
weight of the toy and this affects its performance. Also, we chose an in-fill percentage of 10% for the hollow section of the
beak. Ideally a zero in-fill percentage leads to a perfectly hollow section but a finite value is needed to act as a supporting
structure for the upper layers of the printed toy. The chosen value of 10% is the minimal value that allows enough support as
the toy is printed. Both the in-fill percentages were decided by trial and error. A visualization of the pattern used by the 3D
printing software is shown in Fig. 4 (B). Next the toy is 3D printed on Ultimaker 2, a desktop hobby-grade 3D printer using

a 2.85 mm diameter Polyactic Acid (PLA) filament. The print time is about 12 hours, which was 3 hours less than the time
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Fig. 5. Robot model for simulation

estimated by CURA. After the printing is complete, we manually remove the supporting material that holds the rear leg in

place using a screwdriver.

3.6 Testing

The testing of the toy was initially done on a wooden ramp, but subsequently the toy was able to walk on a 3D printed
PLA ramp. First, we set up a ramp inclination. Then, we placed the toy on the ramp and perturbed it slightly by tilting
the toy backwards or forwards and releasing it. If the toy was not able to descend downhill, we increased or decreased the
inclination a little and tried again. If the toy stopped, then the slope was too small and we needed to increase it. However,
if the robot slid downhill or overturned, then the slope was too big and we needed to decrease the slope. For our toy design
we have found that a 7.87° or 0.1373 rad incline works best. By adding rubber feet to the soles, the toy is able to descend

smooth surfaces such as aluminum.

4 Computer Simulation
4.1 Model

A caricature of the model with the dimensions is shown in Fig. 5. The robot consists of two pieces: (1) The body and
front leg as a single unit shown in light gray color (we designate this piece as the front leg), and (2) the rear leg shown in
dark gray color. A pin joint connects the two legs together. To derive equations of motion, we use a line of reference fixed on
each leg as follows: (1) The reference line for the front leg is along its rear edge with the origin at the pin joint, and (2) the
reference line for the rear leg is along its front edge and with the origin at the pin joint. The masses of the front and rear leg
are m; and my respectively, and the location of the center of mass (COM) measured relative to the line of reference is ¢ and
wq for the front leg and ¢, and w, for the rear leg as shown in the figure. There is a hard stop that limits the angle between
the legs (i.e., the angle between the two reference lines on the legs) to a. The leg length is r, gravity is g, and ramp slope is
Y. We assume the following kinematics: the leg on the ground is the stance leg with absolute angle g; and absolute angular
velocity u;, and the other leg is the swing leg with relative angle g, and relative angular velocity u;.

The equations of motion for a single step are derived using the sequence of phases and transition shown in Fig. 7.
Equation 1 represents the sequence of motion for the walker. The equation is a graphical method of representing the motion
sequence for a hybrid dynamical system. The phases of motion are defined between the arrows and the transition conditions

are defined above the arrows. For example, One DOF, Front Leg Stance indicates that the walker moves as a single unit (i.e.,
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Fig. 6. A single step of the walker: (Top panel) One step from video. (Bottom panel) Animation from the simulation. See video in the
reference for a comparison [21].
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Fig. 7. Sequence of phases and transitions used for simulation model: A single and doubled curved arrow on the figure indicates that the
toy is a one or two degree of freedom system in that particular phase.

(a) Rear-leg Stop (d) Front-to-rear Support (f) Front-leg Stop
’/—>\ (b,c) One DOF, Front Leg Stance ’/—>\ (e) Two DOF, Rear Leg Stance /—\>
single step (line 1)
(h) Rear-to-front Support (j) Rear-leg Stop
(g) One DOF, Rear Leg Stance — (i) Two DOF, Front Leg Stance f—>,\ (1)

single step (line 2)

the swing leg is locked to the stance leg due the angle stop). Then the transition condition, Front-to-rear Support occurs
wherein the support is transferred from the front leg to the rear leg. This transition leads to phase Two DOF, Rear Leg Stance.
In this phase, the rear leg is the stance leg and rolls freely and the front leg is the swing leg that pivots about the rear leg —
a two degree of freedom system. From Eq. 1 it can be seen that the system is either a 1 DOF or a 2 DOF system during a
single step. For the 1 DOF system, we use the angular momentum balance about the contact point of the stance leg to derive
an equation for the absolute angular acceleration, §;. For the 2 DOF system, we use the angular momentum balance about
the contact point and the pin joint to derive equations for the absolute angular acceleration §; and §,. The front-to-rear and
rear-to-front transitions are smooth and we make an appropriate switch of leg angles (i.e., current stance leg becomes swing
leg and vice versa). The front-leg stop and rear-leg stop are non-smooth transitions where the colliding swing leg comes to a

stop and the velocity of the stance leg after collision is found by using the conservation of angular momentum about the pin
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joint. Please see the supplementary material for additional details (Appendix A).

4.2 Motion analysis: periodic motion and stability

Given an initial state for the system X = [g,u1,q2,uz] and the simulation parameters (see Tab. 1), the equations of
motion are integrated forward in time to simulate the motion of the system. We are interested in the periodic motion of the

toy. Since the complexities of the equations of motion preclude an analytical solution, we resort to numerical techniques.

Periodic motion is found by treating a walking step as a Poincaré map [7]. Given the state of the system at a particular
instant (e.g., front-leg stop, rear-to-front support transfer) of the walking step, x,,, and the state at the same instant but on
the next step, X,+1, one can find a function F that relates the two, X, = F(x,). To find periodic motions, we find a fixed
point, x* such that, x* = F(x*). This is equivalent to finding the zeros of G(x*) = x* — F(x*). This is the same as solving 3
equations in 3 unknowns (the Poincaré section reduces the state space from 4 to 3). However, we can reduce the dimension
of G from 3 to 1 by choosing the Poincaré section to be at any instant the toy is a single degree of freedom system. For
example any of the following stances from Fig. 7 will suffice: (a), (b), (c), (f), or (g) (A similar reduction can be done for the
kneed passive dynamic walker, see [22]). We use the instant just after the rear leg comes to a stop after colliding with the
front leg (see Fig. 7 (a)). The initial states at this instant are X, = [¢1,u;] and are used in F and G.

The stability of the walking motion is evaluated from the Jacobian of the function F at the fixed point, i.e., J(x}) = %j).
The system is stable if the largest eigenvalue is less than 1 and unstable otherwise [23]. In our case there are two eigenvalues,

but one eigenvalue is zero and corresponds to the perturbation in the direction of the Poincaré section. Thus, the other

non-zero eigenvalue gives the stability of the periodic motion.

We used MATLAB to numerically evaluate the functions F and subsequently G. To obtain F, we start the simulation at
the instant when the front leg is the stance leg and the rear leg is resting against the front leg (see Eqn. 1 b,c). Subsequently
each phase is integrated using odel13 with a tolerance of 10~!2, and the appropriate transition conditions are applied in the
order given in Eqn. 1. Thus, given the initial state at the instant the toy moves as a single piece, X, F’ returns the state at the
same instant but at the next step. The function G can be numerically obtained once F is found. Next, we use fsolve with an
accuracy set to 10~'° to compute the fixed point. The fixed point of the limit cycle is x, = [—0.0194674275, —1.8975774734].
Then, we use the central difference of 107> to evaluate the Jacobian of F and used eig to find the two eigenvalues. As
expected, one eigenvalue was zero and the other value was 0.436 (< 1) indicating a stable fixed point. The figure 8 shows

the phase portrait of the limit cycle.

We compare the fidelity of the model against the toy. We use the open source software Tracker [24] to analyze the
motion of the toy. Tracker is able to create time traces of user defined points on the video. We use time traces of the hinge
point and points on the two legs to obtain the absolute angles of each leg. Figure 9 shows the comparison between the model
and experimental data for a trial run on the ramp. As seen from the plot, the simulation is able to capture the features of the
experiment reasonably well. Time snapshots comparing the animations are in Fig. 6 and an accompanying video is in the

reference [21].
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4.3 Parameter study

The Fig. 10 shows the effect of varying three robot parameters, the center of mass of the body (w; and c;) and the
leg length (r) on the two limit cycle parameters: the cyclic stability as measured by the maximum eigenvalue and the step
velocity, which is non-dimensionalised by dividing by /gr. We chose these parameters because they have a substantial effect
on the behavior of the toy. The robot parameters were normalized against their nominal values as given in our successful
design and presented in Tab. 1. For a given leg radius, we used the simulation technique described in Sec. 4.2 to evaluate
the maximum eigenvalue and velocity as a function of center of mass parameters w; and c;. We repeated the calculation for
three distinct r values to obtain the plots. Fig. 10 top panel (A), (B), and (C), corresponds to the maximum eigenvalue while
bottom panel (D), (E), and (F), corresponds to the velocity. Each pair (A)-(D), (B)-(E), and (C)-(F) corresponds to a distinct
r value.

The partial white region in (A), (B), (D), (E) indicates that no limit cycles were found in that region. Note that there
are no white regions in (C), (F) indicating that the range of solutions increases as r increases. This trend is consistent: as
r is decreased to zero, the region of feasible solutions decreases and there are no limit cycles when » = 0. From the top
three plots it can be seen that the maximum eigenvalues lie in the range of 0.05 — 0.6 for a broad range of parameters (note
that eigenvalue greater than 1 indicates unstable limit cycle and stability increases as the eigenvalue approaches 0). There is
no distinct trend in the eigenvalues and it tends to be discontinuous in some regions. However, we note that the maximum
eigenvalues are lowest in (C) on the bottom right corner. This happens when the center of mass along the leg length, ¢y, is
moved downwards and the fore-aft offset, wy, is decreased or moved forward relative to our design. The non-dimensional
velocity is between 0.02 and 0.035 with maximum velocities occurring at the top right side of each plot. That is, when
c1 moved further down and fore-aft offset w; is moved towards the rear. The velocities seem to be smoother and have a
more consistent trend than the eigenvalues except in (D) near the white region or where the limit cycles solutions disappear.
We found that the limit cycles disappear as w; is moved to the edge of the rear leg axis, that is w; ~ 0. Our design had a
maximum eigenvalue of 0.4360 and non-dimensional velocity of 0.0281 and indicated by the black dot in Fig. 10 (B) and

(E) respectively.

5 Discussion

We have redesigned an antique walking toy such that it can be 3D printed as a single piece with an integrated hinge
joint. After minimal post-processing, the toy is able to walk downhill using its natural dynamics. Then, we created a
computer model of the toy, found periodic motion (limit cycles) using Poincaré section, and analyzed motion stability using
the eigenvalue of the Jacobian of the limit cycle. We found stable limit cycles for a wide range of parameters. However, all
limit cycles had a very slow walking speed, around 0.03 (non-dimensionalised by gravity and leg length).

The use of 3D printing allows us to design and print the complete toy, including the hinge and the rear (moving) leg,
as a single assembly. While this eliminates the time needed for assembling the toy, it also makes the design non-modular.
Thus, if the hinge joint or the rear leg breaks, then the complete toy needs to be 3D printed again. The use of 3D printing

allows us to tune the mass distribution, specifically the location of the center of mass, while preserving the shape of the toy.
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Fig. 10. Effect of varying r, wy, and ¢1 on maximum eigenvalue and velocity. (A,B,C) Maximum Eigenvalue and (D,E,F) Velocity non-
dimensionalised by ,/gr. Each parameter r, wi, and ¢ is non-dimensionalized by its nominal parameter given in Tab. 1. The values for our
design is shown using a black dot.

The mass distribution is critical for the toy to walk on the ramp. However, the CAD’s estimation of the center of mass is
different from the actual center of mass and depends on 3D printing parameters, like scaling and fill percentage. As such, we
had to tune the mass distribution by trial and error. The 3D printing pre-processing software CURA does not estimate the
center of mass. However, an ability to simulate the 3D printed toy (before actually printing it) would clearly allow for faster
tuning. Another issue we faced was that the 3D printer was not able to print the hinge joint to the clearance that we specified
in CAD. Ultimately, we had to decrease these tolerances, which lead to play in the hinge joint in both of the transverse and
coronal directions. During some of the trials, the play in the transverse direction caused the toy to veer to a particular side.
To enable steady state walking, the total energy loss at each step should balance the potential energy gained. To find the
energy loss we proceed as follows. We first compute a periodic solution. Next, we compute the total energy of the system,
the sum of kinetic and potential, with respect to the current stance leg at the beginning of each phase of motion described
by Eqn. 1. Then by subtracting energy from adjacent phases, we can compute the energy loss in each phase. The sum of all
energy losses gives the net gain in potential energy. We found that there are three sources of energy loss: (1) the collision
between body and the rear leg (phase (f) Front-leg StopEqn. 1) accounting for 53% of energy loss, (2) the friction between
the rear leg and the ground (phase (e) Two dof, rear leg stance Eqn. 1) accounting for 26% of energy loss, and (3) collision
of the rear leg with the front leg (phase (j) Rear leg stop Eqn. 1) accounting for the remaining 21%. Since the feet are arcs of
a circle with the center at the pin joint, the leg length is equal to the radius of the circle. Thus, the support transfer is smooth

and without energy losses. This is the most striking difference between the design and most passive walkers as the latter
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have their primary energy loss during support transfer due to collision [7, 8, 10,25,26].

The mass distribution is a very important parameter. Since the rear leg is very light compared to the front leg and body,
its contribution to the center of mass may be ignored, and a good approximation of the center of mass is that of the front leg
and body assembly. The center of mass needs to be below the pin joint but should be located over the rear leg when the toy is
placed in a static standing position on level ground with its legs touching each other. If the center of mass is above the front
leg or beyond, the toy tends to sit on its beak. If the center of mass is beyond the rear leg, then the toy sits on its feathers.
If the center of mass is above the pin joint then the toy is unable to rock back-and-forth (similar to an inverted pendulum)
and cannot walk. Our dynamic analysis (see Fig. 10) indicates that following design features are desirable for achieving
successful walking motion for a given slope: (1) increase the radius (r) of the leg, (2) move the center of mass away from
the hinge joint (c1) and (3) move the center of mass offset towards the rear of the toy (w;). Similar observation was made by

McGeer on a different model of walking [7].

The largest eigenvalue of the Jacobian of the Poincareé map indicates walking stability. A value less than 1 indicates
a stable system and unstable otherwise. Typical passive-dynamic walkers are only mildly stable at best by this measure,
with their largest eigenvalues rarely less than about 0.6 in magnitude [27]. However, our analysis indicates that for a range
of parameters, the eigenvalues are between 0.05 - 0.6, indicating a highly stable system in comparison to other passive
dynamic walkers. However, like other passive dynamic walkers, the toy had a very slow walking speed of about 0.03

(non-dimensionalized by /g?).

Our work has several limitations which we list next. The location of the center of mass is key to walking performance.
However, getting the mass distribution correct required elaborate trial and error. This was because 3D printing does not
create homogenous objects and thus the actual center of mass was different from what we designed it to be in the CAD
software. The print time for the 157 gm toy (dimensions 15cm X 5cm X 8 cm) is around 12 hours. This is a significant
bottleneck and mass production does not seem feasible. We have searched only for a single period one-limit cycle and one

cannot rule out other limit cycles, bifurcations and chaos as observed in other passive walkers [28,29].

6 Conclusions

We have re-created an antique walking toy using 3D printing. The use of 3D printing allows us to print an integrated
design that includes joints and moving parts as a single assembly, and helps tune the mass distribution and leg geometry
quickly to realize a working prototype. The toy is able to walk down a 7.87 degree incline using only its mass distribution

and geometry. Computer simulation of the model indicates a stable limit cycle with largest eigenvalue of 0.26.

The results from this paper can be used as a starting point in creating dynamically balanced walking robots using 3D
printing. Further extensions can include 3D printing joints and actuators as a single integrated piece that will lead to more

practical robots [30].
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A Multimedia Extension

1. A video of the hardware prototype available on this YouTube link
https://youtu.be/wJI3W3MomWl14.

2. A video comparing the simulation with experiments is on this YouTube link
https://youtu.be/sAGWg—DyDOw.

3. MATLAB code for equation generation and simulation simulation and animation and a text file containing more details
on design, printing, and modeling is available on github

https://github.com/pab47/RowdyWalker
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Table 1. Simulation parameters
Symbol | Value Description
mi 141 gm Mass of body
my 16 gm Mass of rear leg
[1 1300 gm—cm2 Inertia of body about center of mass
I 30 gm-cm2 Inertia of rear leg about center of mass
r 55cm Leg length
C1 1.93 cm Distance of front leg COM along leg axis
wi 0.00075 cm Distance of front leg COM normal to leg axis
(&) 3.85cm Distance of rear leg COM along leg axis
wo 0.00071 cm Distance of rear COM normal to leg axis
9.81m / S2 Gravitational constant
Y 0.1372 rad Ramp slope
o 0.2182 rad Maximum angle between the legs
C 1 0.005 Ns / n Viscous friction betn. rear leg & ground
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