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Abstract

As robots have become more integrated into factories and homes, they have been tasked
to operate in increasingly complex environments. Researchers have turned to legged robots,
such as quadrupeds, to meet the need to traverse unexpected obstacles and uneven terrain, both
indoors and outdoors. While progress has been made in developing state-of-the-art robotic
platforms that can accomplish this goal, little has been done to develop a low-cost quadruped
robot, which is crucial to making these robots more accessible to researchers and robotics
students alike. We propose to develop a low-cost, research-grade quadruped robot based on the
MicroDog platform that uses active compliance to absorb falls, navigate uneven terrain, and
climb steps.

Section I. Introduction

Robots are becoming increasingly woven into the fabric of everyday life. From Roombas
that zip around our living room floors to robotic arms that assemble our cars in manufacturing
plants, they are shaping how our society operates. However, these robots have been mostly
limited to the flat, predictable realms of the lab, factory, or home. Venturing outside has proved
much more challenging, but is necessary if robots are to be used in applications such as search
and rescue [1], planetary exploration [2], and construction site inspections [3]. While wheeled
robots are advantageous in certain applications, biologically-inspired legged robots have proved
to be superior in traversing uneven terrain. However, since animal locomotion is complex,
developing legged robots is no simple task [4]. As a result, legged robots, and especially
quadruped robots, have been the subject of extensive research.

One challenge is developing a robot that can respond to external stimuli, such as
unexpected obstacles presented by rough terrain or falls. A number of state-of-the-art quadruped
robots, such as Boston Dynamics’ commercially available Spot [5], use advanced vision systems
to map the terrain and identify potential footholds. In addition, it is also useful to sense the
excess force acting on the legs and creating active compliance in the joints of the robot.
Compliance, or the “flexibility” of the joints, is crucial for mitigating impacts from unexpected
obstacles that could damage the robot. While a number of quadrupeds use the motors themselves
to detect and respond to impacts, such as the MIT Cheetah 3 [6] and Ghost Robotics’ Minitaur
[7], other robots use force sensors. In the case of quadrupeds, these are often installed in the feet,
allowing the robot to detect when a foot is in contact with the ground. For example, Biodog uses
force sensing resistors to compare the signals produced by the Central Pattern Generator (CPG)
to the actual motion of the legs in order to better control Biodog’s gait pattern as well as
characterize the surface friction [8]. On the other hand, a quadruped robot developed by the



National University of Defense Technology in China uses force control to achieve compliance
by evaluating the desired force distribution and changing its behavior when the actual force
exceeds the desired force [1].

However, developing active compliance and rough terrain navigation in small scale
robots, such as those using hobby servo motors, has been largely overlooked. While rapid-
prototyped robots are not as powerful as their larger companions, these are important for
miniaturizing and reducing the cost of quadruped technology. The complexity and cost of
developing quadruped robots can be prohibitive to researchers entering the field [9]. In order to
promote progress in this field, it is imperative that quadruped technology becomes more
accessible.

Recently, some progress has been made to meet this need. Low-cost quadruped robots
ranging from over $1000 to as little as $200 have been developed, many of them open-source to
encourage others to push the designs even further. However, as reviewed in Section 11, the
vision for the majority of them was to implement gait patterns such as walking and trotting and
to navigate their environments by avoiding obstacles, rather than overcoming them. Only one
low-cost quadruped robot, which is lacking documentation other than a YouTube video, has
successfully developed active compliance [10]; another is still in development [11].

To address the lack of low-cost research-grade quadrupeds, we propose to develop a
robot that is capable of both avoiding and maneuvering over obstacles autonomously, absorbing
the impact from a fall, navigating uneven terrain, and climbing a step using active compliance.
We will continue to improve the compliant MicroDog platform we developed in the spring and
summer of 2020, while maintaining a maximum cost of $200.

This proposal is arranged as follows: a detailed review of the other low-cost quadruped
robots as well as their more expensive counterparts is laid out in Section Il. In Section 11, we
discuss the methodology with which we will approach each goal. The design component is
explained in Section IV, while Sections V and VI present the project’s timeline and budget,
respectively. Finally, we give some closing remarks in Section VII.

Section Il. Literature Review

Several other robots have been developed in an attempt to fill this gap. In the realm of
research, a simple insect quadruped robot called robot-K was designed to be more accessible to
students [12], and another group developed an amphibious open source robot with the goal of
providing a platform for other researchers that would be simple to operate and modify [9].
Neither of these provide the total cost of their robots, but from the materials described, both
likely cost under $200. However, these two examples have few, if any, sensors to observe the
environment around them and do not include force sensors on the limbs, making it difficult to
navigate uneven terrain. The robot-K has no sensors [12], which may be one of the reasons why
the robot is limited to walking over gaps less than 2 cm deep and on an incline of no more than 5
degrees. The amphibious robot does have an ultrasonic sensor [9], but this still does not provide
adequate information about the surface terrain.

MUTT, a $600 quadruped robot developed by students at WPI, also attempts to meet the
need for low-cost quadrupeds by relying primarily on rapid-prototyping and off-the-shelf parts
for constructing the robot [13]. In order to overcome rough terrain, the robot walks around
obstacles using a camera and mapping software instead of walking over them, which is not



practical when encountering stairs or regions where obstacles are unavoidable. Similarly,
another team designed the arachnid-like quadruped, Charlotte, to make research-grade quadruped
robots more accessible to researchers with smaller budgets [14]. However, the goal of this $540
robot was to map and navigate its environment using LIDAR, and it does not appear that the
group addressed the issue of rough terrain.

One of the fastest trotting low-cost robots developed is the Cheetah-cub quadruped robot
[15]. This 1.1 kg robot can travel up to 6.9 body lengths per second and traverse a step-down
perturbation without external sensors. However, it does this by using passive compliance, a
method of creating soft joints by using physical springs or elastic components, rather than in
software like active compliance. Passive compliance can be useful for meeting a single goal.
However, since changing the stiffness of the joint involves replacing the spring or changing the
design, it is not as useful if one needs different spring constants for different applications, such as
a robot that both trots and jumps. In addition, [15] notes that to trot in rough terrain, future
designs of the robot will need to use feedback from sensors to operate.

Outside of academia, it appears more progress has been made, perhaps due to the smaller
budgets of hobbyists. A quick survey of products from RobotShop shows that most quadruped
kits range from $65 to over $900, aimed for introducing students in elementary school up
through undergraduate studies to robotics [16]. However, they are not quite as cost effective as
they might appear. For example, while the motion-tracking Adeept DarkPaw Quadruped Spider
Robot Kit is sold at a reasonable price of $115, it does not come with the Raspberry Pi that it
needs to operate and it is difficult to add sensors or make other modifications to the chassis or
electronics [17]. As a result, it is not the most practical platform to use for research. On the
other hand, the Lynxmotion Phoenix 3DOF Hexapod platform includes only the chassis and legs
for about $250 [18], which costs more than a number of the fully-equipped robots investigated in
this review.

Several alternatives to the products of RobotShop and similar robotics stores exist,
however. For example, the Stanford Robotics club has developed several quadruped robots, their
most recent one being the Stanford Pupper [19]. This open-source small robot can walk, creep,
and jump for a total cost of $700 to $1250, depending on whether builders buy a kit or buy the
parts themselves. While Pupper is designed to be “hackable,” it does not currently attempt to
traverse uneven terrain. Another hackable robot, a kitten-inspired quadruped called OpenCat
Nybble, has been developed by Petoi LLC [20], and the company is currently fundraising to put
out a second quadruped, Bittle [21]. While they are not actively compliant, both are equipped
with springs to achieve passive compliance, which again has its disadvantages compared to
active compliance. The kits for both of these partially open-source robots are being sold for
$225 [21], [22].

A community of electrical, computer, and robotics engineers have been developing the
SpotMicro, an open-source, low-cost version of the Boston Dynamic’s Spot [23]. One of the
most recent versions can walk and trot untethered both forwards, backwards, and sideways and is
remotely controlled via a laptop [24]. From the parts listed on this version’s GitHub page, it has
an estimated cost of $250 [25]; however, this price will likely increase as sensors are added to
meet the goal of autonomous navigation and obstacle avoidance. To aid in traversing rough
terrain, they are training the robot in simulation using augmented random search [23]. While this
is useful in that it allows the robot to learn how to react appropriately to what its sensors detect,
this strategy is only useful in navigating the changes in terrain that the sensors can see, which can
be fairly limited if one is using inexpensive IR sensors or cameras.



It appears that only one low-cost quadruped, other than the one we developed during an
independent study in the spring of 2020 [26], has the capability of sensing force and reacting
compliantly [10]. Released in July 2020 by Martin Triendl, there is no other documentation other
than the linked YouTube video, making it difficult to know how he approached this problem.
However, there is another quadruped robot being developed with the goal of incorporating force
sensors to respond to its environment [11]. At present, this approximately $400 robot is roughly
6 inches tall and 10 inches long, and its capabilities include walking in all directions and
recovering from an impact from the side using its onboard IMU.

As demonstrated, work on compliant low-cost quadrupeds is just beginning, and there is
much to be done to meet the need for inexpensive robots that can cross uneven terrain like they
would face outside the laboratory. However, it is important to note that a number of larger, more
expensive quadrupeds have accomplished this feat. While not everything can be exactly
replicated, investigating how they approached this problem can inspire solutions that can be
applied to low-cost robots. For example, using inexpensive hobby servos could help reduce the
cost and complexity of the robot, a strategy employed by several of the examples above.
However, unlike other electric motors, hobby servos cannot be controlled by simply regulating
current and are instead controlled by sending position commands. This makes it difficult to use
current to sense motor torque, from which the external forces can be estimated, and respond
appropriately. As a result, using direct drive to detect and respond to impacts, as it was used for
controlling the MIT Cheetah 3 [6] and the Ghost Robotics’ Minitaur [7], cannot be used in this
application; some sort of force sensor is necessary to take in external stimuli. In addition, unlike
[27], which aimed to mitigate the impact experience by a one-legged parachuting robot while
landing by using servo gain to control the stiffness of the joint [28], one is not able to control
gain directly on inexpensive hobby servos. To overcome this challenge, we developed a virtual
spring over the course of the independent study by measuring the applied force using a hall effect
sensor in each foot, calculating the distance the foot should lift up to compensate, and sending
position commands to the servos to achieve that foot position [26].

While it is difficult to pull directly from larger-scale robots to develop compliance in our
model, the literature does offer more guidance on navigating difficult terrain that could be
applied to a small robot. As mentioned before, training the robot in simulation like developers
have been doing with SpotMicro can aid the robot in learning how to react to obstacles [23].
Another philosophy is to treat everything as an unmodeled disturbance, an approach that Agility
Robotics has used for its bipedal robots, ATRIAS [29] and Cassie [30]. Neither robot has
external sensors and are effective blind to the world around them. Instead, they use passive
dynamics and software control to respond to obstacles [30]. While this method does not require
sensors, using sensors in combination with this approach can reduce the complexity of the
dynamic control. For example, The MIT Cheetah 3 quadruped also operates under the
assumption that the terrain is flat and unobstructed, but uses torque control to detect excess
torque created by an unseen obstacle and make appropriate adjustments [6]. Employing such an
approach can improve the robustness of our robot’s response to uneven terrain.

Section I11. Methodology

In order to meet the need for low-cost, research-grade quadruped robots, we will continue
to use and improve the MicroDog platform developed in the spring and summer of 2020. Since



active compliance has been implemented using hall effect force sensors in the feet of the robot,
the focus of this thesis will be to evaluate the effectiveness of these sensors and develop
applications of active compliance. The major capabilities we plan to develop are:

= Autonomy (obstacle avoidance)

= Impact absorbance from a fall of 5 inches

= Ability to navigate uneven terrain and gait disturbances of 1 inch in height or depth
= Ability to climb a step of 2 inches

Before progress can be made towards these features, however, several improvements
must be made to the current platform and software. The walk gait is still under development;
completing this is crucial to meet the goals. In addition, it is important to know the workspace of
each leg, or the three-dimensional region each foot can reach. Our current mathematical model
must be validated on the physical robot, which can be done using image tracking.

While autonomously wandering around a room does not require a compliant robot,
developing collision avoidance will help the robot to avoid obstacles that it cannot climb over,
such as awall. To develop obstacle avoidance, it is necessary to characterize the distance
sensors on the robot. The MicroDog is currently equipped with infrared detectors on the front
and rear of the chassis and an ultrasonic sensor on the front. Testing these sensors to determine
the maximum distance at which they can detect an obstacle and what kinds of obstacles they can
see will allow us to decide whether other sensors, such as a camera for better vision or an optical
flow sensor for determining the robot’s velocity, are necessary to navigate a room without
colliding with any objects. We can then develop the robot’s ability to determine if an object is
something it can climb over or something it should avoid.

Since we plan to use active compliance to meet the other goals, the next step will be to
characterize the force sensors. The sensors on the current MicroDog platform consist of a hall
effect sensor and a magnet embedded in the top and bottom of each foot, respectively. As the
foot is compressed, the hall effect sensor detects the increasing proximity of the magnet and
outputs a higher reading. While we were able to obtain an estimation of the relationship between
the applied force and the sensor reading last spring, it is necessary to get a more accurate
relationship between these values over the course of a step cycle as well as when force is applied
at different angles. This will be especially helpful in developing methods to traverse rough
terrain. One method of testing this is to mount a leg or the robot on a stand, such as [31] used,
and measure both the hall effect sensor reading and the applied force using a standard load cell.
The load cell can also be adjusted to press against the foot at different angles. Another approach
is to have the robot walk across a force plate as used to test the Cheetah-cub [15], which would
allow us to analyze the forces occurring throughout the walking gait. These tests will allow us to
determine if the current force sensor design is suitable for complex tasks, or if modifications or
other designs must be considered, such as the 3D-printed force sensors developed by Rachel
Sloan as a part of her thesis last year [32].

Another way that [31] used their test stand was to perform drop tests, which can be useful
for us to develop fall recovery. Currently, the MicroDog does respond slightly compliantly to a
short fall, but we would like to improve this capability for higher drops of at least 5 inches (or
approximately one body height). As described in Section 11, a benefit of using active
compliance instead of passive compliance is that we can easily adjust the stiffness of the joints in
software without having to change the physical design, such as replacing a spring. We can



simply tune the virtual spring, allowing the joints to bend more to absorb powerful impacts. In
addition, we can experiment with using different stiffnesses in different modes. For example,
while the robot is walking, a higher stiffness is necessary to maintain control of the robot.
However, if the robot senses that it is in the air (i.e. all force sensors are registering no ground
force), it will adopt a low stiffness to absorb the imminent impact. Although we are focusing on
developing active compliance, elasticity is present in the foot and other leg components, and this
may need to be taken into account to develop an accurate impact absorbance model [33].
Another feature that will likely need to be developed is damping to suppress oscillatory behavior
[31], [33].

The next step is to develop the ability to traverse rough terrain, with a goal of overcoming
obstacles at least 1 inch tall or valleys 1 inch deep. Many quadrupeds, including LittleDog [34],
[35], overcome uneven terrain using expensive motion capture systems to scan the terrain and
create a foot placement plan. Even though our cost constraint prevents us from using such
systems, it is worth investigating the approaches these researchers took. For example, [34] paid
careful attention to the placement of the feet to determine the trajectory of LittleDog’s center of
gravity (COG). Keeping the COG within the support polygon, or the region in which the COG
must be located for the robot to balance on three legs, is crucial to maintaining the robot’s
balance. We can use the force sensor measurements and the locations of the feet to determine
what adjustments to the stance are needed to keep the COG in the support polygon. In addition,
the sensors can prevent the legs from forcing their way to the planned position if there is an
obstacle in the way [35].

However, we still need to develop methods to appropriately respond to these unexpected
obstacles since we cannot use a high-quality camera. As noted in Section Il, one approach is to
use augmented random search to train the robot in simulation, like developers have been doing
with SpotMicro [23]. This allows the robot to learn how to respond to the obstacles it can sense.
Again, it is also possible to supplement our sensors by using passive dynamics to develop robust
gait adaptation like ATRIAS [29] and Cassie [30], or to modify MIT Cheetah 3’s controller to
use feedback from the force sensors [6]. To test our algorithm, we will first present the robot
with a single obstacle or valley. As the quadruped robot becomes more skilled at overcoming
this challenge, we will increase the height or depth of the obstacle. Finally, the robot will be
tested on a 1-foot long course with a series of elevation changes.

While a climbing a stair is similar to overcoming rough terrain, the greater height means
that the robot has to maneuver its legs differently in order to climb over it. As [36] points out,
while traditionally quadruped robots aim to keep the COG within the support polygon to
maintain balance, this is not necessarily the case for climbing stairs since the robot is tilted
relative to the earth. In addition, it was discovered in [37] that employing a parallelogram
polygon between the feet rather than a rectangular polygon was helpful in maintaining balance as
well. As mentioned previously, experimentation with the IR and ultrasonic sensors will be
performed while developing autonomy to develop a method of differentiating between a small
obstacle, a stair, and a wall. Once we can identify a stair, we can adjust the algorithms we
developed to traverse rough terrain to accommodate for the new challenges to maintaining
balance using the methods discussed in [36] and [37]. Testing with several single stair heights
will be performed, with the goal of climbing a 2 inch stair, or about 35% of the leg length.



Section 1V. Design Component

Unlike some quadruped research that has been done purely in simulation, these
developments will be applied to a physical quadruped robot that we have been developing since
the early spring of 2020. This approximately 6-inch tall platform consists of a custom printed
circuit board that acts as the chassis with an onboard battery mounted beneath and four 3 DOF
legs, each equipped with three micro servos and a hall effect force sensor. The ATmega34U4
microcontroller acts as the low-level controller and the Raspberry Pi Zero W will be used for
high-level control. This process has involved several iterations to increase the range of motion in
the joints, fix a number of electronics issues, simplify the design, and decrease material and parts
cost. We expect to produce at least one more robot, with modifications to the PCB to improve
the user interface, such as including buttons and indicator LEDs, and to protect the servos from
high battery voltage.

As described in Section 111, numerous experiments will need to be designed in order to
test and refine both the mechanical and software design. A test stand will be developed to
characterize the force sensors and collect data from drop tests. In addition, uneven terrain
courses and steps will be developed to test the robot’s ability to traverse them. Video tracking
and measurements from various sensors (force sensors, IR detectors, etc.) will be used in tandem
to observe the behavior of the robot during these experiments.

Section V. Timeline

Table 1 summarizes the milestones laid out in Section 111 and provides an approximate
timeline for the entire project.

Table 1: Timeline

September = Improve walking with active
compliance
= Add transitions between rest, stand,
and walk

= Release robot as open-source on
GitHub, YouTube, and potentially
readthedocs
October = Develop autonomous navigation
(obstacle avoidance)
= Validate limb workspace model
= Begin characterization of hall effect
force sensors
o Design experiments
= Update documentation
November = Perform characterization experiments
o Determine if improvements or
alternative designs must be
considered



Perform drop tests. Improve
compliance if necessary

Update documentation

Prepare for Midyear Presentation

Winter Break (December-January)

January/February

March

April

May

Section V1. Budget

Investigate methods of navigating
uneven terrain
Begin development of uneven terrain
navigation
o Y valley/step tests
Update documentation
Develop uneven terrain/gait
disturbance navigation
o 17 valley/step tests
o 1-2 feet long uneven course
test
Begin developing stair navigation
Update documentation
Finish development of stair navigation
o 27 stair test
Update documentation
Finalize thesis paper
Prepare for thesis presentation

Table 2 below outlines the funds we will need to complete this thesis.

Table 2: Estimate Budget

Category Item
Next Platform
Prototype *
Robot Platform Final Platform
Prototype 2
Experimental 3D Printer PLA
E uFi) ment and Filament
q Mgteri als Test Stand with
load cell(s) ®
Tools Creality Ender 3

Pro 3D Printer 2

1. Based on previous platform’s bill of materials:

Unit Cost
$150

$150
N/A
~$75.00

$250.00

Quantity Total
2 $300
2 $300
N/A $25.00
1 ~$75.00
1 $250.00
Total $950

https://docs.google.com/spreadsheets/d/1R35zKp76xegpvEchprQsLss8zgrh708IWaY5e2ZEcXM/edit?usp

=sharing
2. If funds allow

3. More research must be done to determine what equipment is needed and approximate cost.


https://docs.google.com/spreadsheets/d/1R35zKp76xegpvEchprQsLss8zgrh7O8lWaY5e2ZEcXM/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1R35zKp76xegpvEchprQsLss8zgrh7O8lWaY5e2ZEcXM/edit?usp=sharing

Section VII. Conclusion

To address the need for low-cost, research-grade quadruped robots, we plan to continue
to build upon our compliant quadruped platform. While keeping the cost under $200, we will
develop obstacle avoidance, impact absorbance, uneven terrain navigation, and step
maneuvering. In doing so, we hope to open the door for future researchers and robotics students
to the exciting world of quadruped robotics.
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