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Abstract 
The project originated from Aalto’s course “Robotic manipulation”. Simulation tasks in this course 

are implemented using MuJoCo, a closed-source software whose use requires expensive licenses. A 

potential alternative for this was found in the open-source and free to use tool PyBullet, which led to 

the formation of this project with the objective of evaluating the potential of PyBullet in teaching and 

research. For this purpose, basic robotic functionality corresponding to exercises for the students in 

the aforementioned course should be implemented with PyBullet. Four tasks were selected for this: 

basic grasping (“Pick and Place”), visual pose estimation, force control and hybrid motion-force 

control. These were to be implemented sequentially with a Franka Panda simulation model as the 

robotic platform. After successful implementation of the first task, it was decided to move the visual 

pose estimation part to the end as an optional continuation of the project and instead investigate 

motion planners as the second task. PyBullet provides the basic tools of physics simulation and 

graphic visualization for running a simulation in form of a Python function library. During the course 

of the project, an interface to spawn and control a Franka Panda robot in that simulation was 

developed. This consists of general and reusable functionality like moving to specified positions, 

controlling the gripper or gravity compensation. In addition to that, separate runnable demo scripts 

for each of the given tasks were written. In Conclusion, all four tasks were implemented successfully, 

demonstrating the potential of PyBullet. The written Python code might be used as model solutions 

for the exercises in future teaching instances of the robotic manipulation course as well as for demo 

or template material in research settings. It is planned to continue with the visual pose estimation after 

the official end of this project course.   
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1. Introduction 
The background of the project lies in Aalto’s course “ELEC-E8126 - Robotic manipulation”. As part 

of this course the students have to implement certain robotic functionality in simulation. The software 

used for this includes the closed-source physics engine MuJoCo, whose use is subject to expensive 

licenses. To avoid the high costs related to those, a free-to-use alternative was looked for and 

suspected in the open-source tool PyBullet. The wish to investigate the possible replacement of 

MuJoCo then initiated this project. In addition to this use in teaching, PyBullet is also attractive for 

research purposes as its open-source character makes solutions based on it transparent and portable. 

2. Objective 
As mentioned in the Introduction, the objective of the project was to explore the possibility to replace 

MuJoCo with PyBullet and in general to evaluate the latter’s potential for teaching and research 

purposes. To do so, four fundamental robotic tasks were selected to be implemented in PyBullet, 

which also correspond to some of the programming exercises to be solved by the students in the 

Robotic manipulation course. The selected tasks were:  

• Grasping Pipeline: determine grasping position and orientation based on object location, 

then pick up object and deliver it to predefined target location (Pick and Place) 

• Pose Estimation: estimate position and orientation of a known object from visual data using 

OpenCV library 

• Force-Controller: apply certain joint torques so that end-effector exerts desired force 

• Hybrid Position-Force-Controller: apply certain joint torques so that end-effector exerts 

desired force in one direction while following a given trajectory in another direction 

The pose estimation task was later replaced by the task to investigate motion planners in PyBullet, 

i.e. to test and compare different algorithms for collision-free path planning. All the tasks were to be 

implemented in the PyBullet simulation on a Franka Panda robotic platform. The expected output 

was thus the corresponding Python code, which, besides demonstrating the basic possibility to realize 

this functionality in PyBullet, also serves as model solutions and templates for the course and possible 

research, hence good readability and extensive documentation are of particular importance. 

3. Project plan 
The project was divided into 5 phases:  

 

Phase 1: Introduction and Planning: 

In this first phase, the goal was to familiarize ourselves with the tasks and make sure we understand 

the main objectives clearly. The Instructor gave an extensive introduction about the project and his 

expectations, and together we agreed on deadlines and the distribution of responsibilities. The main 

outcome of this phase was the finalized and approved project plan. 

 

Phase 2: Setting up and familiarizing with PyBullet 

The second phase consisted of each team member individually installing the required software and 

getting familiar with the PyBullet environment. Besides Python itself and PyBullet this also included 

the Linux virtual machine we decided to use as the main platform for development since it is also 

used in the Robotic manipulation course. 

 

Phase 3: Sequential completing of robotic tasks  

This phase made up the main part of the project. It consisted of developing solutions for all of the 

tasks one after another and of course in between presenting the current state or final results to the 

instructor. A roughly two week long intermission was scheduled in this phase dedicated to the 
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business aspects side task, which was a mandatory part of the project course and in which a 

hypothetical business model for the project had to be developed. 

 

Phase 4: Preparing of presentation at Final Gala 

After implementing all four tasks, this phase was dedicated to preparing the presentation of the project 

at the Final Gala. This included the presentation slides summarizing the main information about the 

project and also demonstrations of the implemented tasks, preferably in a form that is visually 

appealing to the viewers of the gala.  

 

Phase 5: Final Reporting 

The last phase was meant for summing up what was achieved by writing this final report and also 

finalizing the project in general. The latter mainly includes documenting and polishing the code so it 

is as comprehensible as possible, since time pressure and limited perspective of the entire project 

during its main phase might have caused adaption of some “quick and dirty” solutions. These should 

be improved upon in this final phase so that the resulting code does not just work, but is easily 

understandable and modifiable in the future also by people not involved in this project.  

 

The milestones: 

M1: Grasping Pipeline (RT1) completed  Deadline: Sunday, 28.02.2021, 23:59 

M2: Business aspects document submitted Deadline: Friday, 19.03.2021, 23:59  

M3: Pose Estimation (RT2) completed  Deadline: Sunday, 04.04.2021, 23:59 

M4: Force-Controller (RT3) completed  Deadline: Sunday, 18.04.2021, 23:59 

M5: Hybrid Position-Force-Controller (RT4)  

M5: completed   Deadline: Sunday, 09.05.2021, 23:59 

M6: Final Gala completed   Deadline: Tuesday, 25.05.2021 

M7: Final Report submitted  Deadline: Thursday, 03.06.2021, 12:00 

RT = Robotics Task 

 

As mentioned above, RT2 was later reassigned to the motion planner task. 

4. Results 
The project’s results consist of Python scripts importing functionality from the PyBullet library to 

realize the specified tasks. The code’s structure consists of a general interface for the Franka Panda 

robot and runnable demo scripts for each of the tasks. In addition to that, there is also a utils script, 

serving as a collection of separable subfunctions, that often occur in multiple of the tasks, e.g. 

visualizing coordinate frames or idling the simulation for a specific amount of time. Another output 

of the project is a suggestion of which parts of the code could be removed in order to create templates 

for the student exercises in the Robotic manipulation course. Furthermore some instructions on how 

to install and use everything were collected, however the detailed documentation is directly embedded 

in the code, since potential future users are expected to understand the concrete implementation and 

not just use the module as kind of a “black box”. 

4.1. PyBullet Interface for Franka Panda 
This interface consists of the single Python script “panda.py”. It provides general, i.e. non task-

specific, functionality for using a Franka Panda robot in a PyBullet simulation. It is however kept as 

general as possible regarding the robotic platform, so that it could be quickly adapted to robot models 

other than the Franka Panda. Creating an instance of the Panda class will spawn a robot in the 
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simulation. The provided functionality can be divided into reading information from the robot 

(functions such as reading current joint angles and velocities, solving inverse kinematics, computing 

the Jacobian matrix, checking whether the target configuration is already reached, computing joint 

torques for gravity compensation, etc.) and controlling it (functions such as applying joint torques, 

opening and closing the gripper, setting gripper force, reset joint angles, etc.). Most of these basically 

call one or more underlying PyBullet functions, for example combined with some coordinate 

transformation computations, to create an easy-to-use interface for the robot. Each instance also stores 

robot-specific constants such as the distance between the wrist and the gripper fingers.   

4.2. RT1: Grasping Pipeline 
The simple demo script for this task consists of spawning a block at a to some extend random position 

and orientation on the floor, calculating the grasping position based on that, picking the block up and 

delivering it to a predefined goal location. The grasping position is defined by the orientation of the 

box in a way so that the finger surfaces are parallel to the block while the vertical position matches 

the height of the block. To avoid collision of the robot with the block before actually grasping it, the 

robot first moves to a pre-grasp position straight above the grasp position, where also the gripper is 

opened (if not already done). After that the following sequence is executed: move down to grasp 

position, close the gripper to grasp the block, move back to pre-grasp position, move to goal position, 

open gripper to release block. Then a new block is spawned and the cycle starts over. Moving to the 

various positions is achieved by computing the corresponding joint configurations using the inverse 

kinematics function provided by PyBullet and then setting all joint motors to position control mode 

to reach their respective target joint angle. This means that here the direct path in joint space is taken 

without considering possible obstacles. 

One difficulty that occurred during implementing this task arose from the fact that the target positions 

were defined for the center point between the gripper fingers. Inverse kinematics however were not 

possible directly for this point on the robot, so instead the given target positions had to be transformed 

to represent the robot’s wrist. This was done by transforming the offset from the wrist to the gripper 

fingers into world coordinates depending on the desired target orientation and adding it to the original 

target position. 

Another issue was to determine when the robot actually reached a target position, in order to know 

when to continue with the next step. This was important because the alternative would be to wait an 

unnecessary long time so that it is safe to assume that the position was reached. The easiest way to 

do this was to compare current and target joint angles and define a difference below which the target 

is considered to be reached (multiple threshold constants were defined to allow different tradeoffs 

between precisely reaching a position and reaching multiple in a row fast). The problem that occurred 

with that was that for target positions where the arm is extended quite far, even very small joint angle 

differences at the base can cause a significant cartesian displacement, which sometimes led to the 

gripper closing above the block (especially for very small ones), because the grasp position was 

already considered reached although the gripper was still too high. One way to solve this problem 

would have been to lower the threshold to reach the target configuration with even higher accuracy, 

but this would have also caused long time periods during which the robot barely moves in order to 

achieve this extremely high accuracy for every target configuration. Since this is only necessary in 

situations where the arm is extended far and the gripper is otherwise closed above the object it should 

pick up, a more practical solution of an additional cartesian vertical constraint was implemented, 

where the target position is only considered reached when the joint angle differences are below the 

given threshold and also the gripper is low enough to grasp the object.  
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Figure 1. Repeated Pick and Place to assemble Aalto Logo from  
numerous small cubes. 

Remember that the tasks were implemented sequentially and the panda interface extended 

continuously, therefor issues are not necessarily exclusive to the task they first occurred at but of 

course their solution is used for following tasks as well. 

4.3. RT2: Motion Planning 
For this task the external library pybullet_planning was used, which provides generic 

implementations of motion planning algorithms (RRT*, RRT connect and lazy PRM). The key part 

to implement this task was to define the collision, distance, sampling and extend functions for the 

current simulation which are then handed over to the motion planner. First of all it had to be decided 

whether to define points and paths in cartesian or joint space. The latter was chosen because in joint 

space all reachable configurations can simply be described by the joint limits while mapping this to 

the cartesian space would be quite complex and also not unique. Sampling in joint space is then 

simply achieved by generating a random value between the minimum and maximum joint angle for 

each joint. The extend function, which is used to find the direct path between two points, consists 

simply of a linear interpolation between start and goal joint configuration. For the distance function, 

which computes a distance or “cost” value between two points, multiple options were implemented: 

Euclidean distance in joint space, Euclidian distance in cartesian space and maximum joint angle 

difference. The best choice depends on how a low cost path is defined in the application. The 

pybullet_planning module offered the functionality to define a collision function when given the 

reference of the robot in the simulation and of all obstacles to be considered. All the different motion 

planners return a sequence of points representing the collision-free path (if one was found). The path 

can be executed by moving to each point sequentially. The path can be evaluated by measuring the 

run time of the planner and by computing the path cost by summing up the distance function values 

for pairs of sequential points along the path. A plan can be visualized by drawing straight lines from 

point to point (in cartesian space). 

An issue that was encountered during implementation of this task was that collision detection was 

achieved by actually setting the robot to the given configuration and see if it collides with something. 

This was of course not feasible, because we want the robot to only execute the final collision-free 

path. The issue was resolved through the workaround of spawning a second identical but immaterial 

(and invisible) robot, which is used for the collision checking. This possibility was added to the panda 

interface. Since there is no function for forward kinematics in PyBullet, this immaterial twin can also 

be used for that by setting it to a given joint configuration and then reading the pose of its end-effector. 

This was used for example for the distance function based on Euclidean distance in cartesian space. 
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There also seemed to be something wrong with the implementation of the RRT* algorithm, which is 

supposed to compute optimal paths if being run long enough. However, it took very long to find any 

solution at all and once it found one it seemed to never improve upon this first solution. Since 

implementation of motion planners itself wasn’t the focus of the project this problem wasn’t 

investigated further or tried to fix though. A quick workaround to find a path while compromising 

between planning time and path length, was to just run RRT connect or lazy PRM multiple times to 

find multiple arbitrary solutions quickly and then pick the best one. 

 

 

 

Figure 2. Robot executing visualized path avoiding obstacles. 

4.4. RT3 & RT4: Force-Controller and Hybrid Position-Force-Controller  
These two tasks are reported together because they are closely related and similar issues occurred 

with both of them. The basic approach for force control is to compute joint torques by multiplying 

the desired wrench with the transposed Jacobian of the robot, add the torques needed for gravity 

compensation and apply the sum to the robot’s joints. The robustness against modelling errors and 

disturbances can be improved by adding feedback control based on measuring the actual wrench at 

the wrist. For hybrid motion-force control some components of the desired wrench are replaced in 

the equation with position errors for the corresponding degrees of freedom to follow a given trajectory 

(see literature on robotics for more detailed explanations). In the demo script for RT3 the robot grasps 

a block and then pushes down on the floor with it by applying a specified force. In the one for RT4 

two robots are spawned facing each other and a cube is spawned between them. Both robots then 

push the cube from opposing sides with the same force (in x-direction) while simultaneously 

following trajectories in y- and z-direction.  
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Figure 3. Robot pushing down with specified constant force (RT3). 

    

Figure 4. Two robots pushing towards a cube between them (x-direction)  
while following trajectories in y- and z-directions (RT4). 

The actual wrench needs to be measured for feedback, which can be done by a force-torque-sensor 

placed on the robot’s wrist. PyBullet offers such a functionality, but we could not get it to work 

properly, i.e. depending on the joint the sensor was placed in, it either returned seemingly random or 

all zero values. The chosen workaround was to measure the contact force between two objects, e.g. 

the floor and the block the robot is pushing down on it. This however reduced the functionality 

compared to a force-torque-sensor, because it requires the involved objects to be in contact already 

and there is only force measurement but no torque measurement. 

Another issue was the inaccurate computation of the robot’s Jacobian. This assumption was based on 

the observation that when trying to control only one direction of movement (i.e. applying joint torques 

computed from multiplying transposed Jacobian with one-component vector), there was also 

significant movement in other directions. This was solved to some extend by tuning the feedback 

controller accordingly, however some shakiness remained, especially when following a trajectory 

rather than moving to and staying at a static configuration. 
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Figure 5. Effect of shaking around the desired position (Note:  
Final target value of x coordinate was just out of reach causing  
a steady-state error). 

The same effect occurs when controlling the force, which is also the suspected reason for the cube 

not staying perfectly centered between the two robots in RT4. Ideally they would push always with 

the same force causing the cube to stay centered, but due to these deviations from the desired force 

especially while changing configurations the cube may move also in the x-direction.  

5. Reflection of the Project  

5.1. Achieving objectives  
Overall it can be said that all tasks were implemented successfully, although some issues remained 

unsolved as described in the previous chapter. All encountered difficulties in RT1 were resolved, so 

no remaining problems there. The same goes for RT2 when providing a functioning implementation 

of the RRT* algorithm. Regarding RT3, simple force controller scenarios like a static push down on 

the floor work without significant/noticeable shakiness, however force measurement is only available 

when objects are actually in contact. Therefore, when engaging force control while the object is still 

held above the floor there will be no force measurement until the object touches the floor. Until this 

happens only feedforward control is available. In RT4 the remaining issues with hybrid motion-force 

control as described above are still clearly visible. Perhaps this could be improved by investigating 

the problem of the inaccurate Jacobian computation further. However the fundamental principles of 

this robotic functionality are implemented as desired. Selecting a scenario in which one object is fixed 

would reduce the effects of the force not being perfectly steady at the desired value (e.g. wiping a 

table by pushing down on it and moving across as shown in the final gala). In conclusion, it was 

shown that the basic functionality in question can be implemented in PyBullet, although not all minor 

issues have been resolved (yet). Suggestions on how to use the code as templates for the exercises in 

future teaching instances of the Robotic manipulation course have been made, but whether the 

software used in the course will actually be changed is still to be decided. The work that was done 

has been documented and issues investigated as much as possible in the scope of this course in order 

to contribute to potential further work on this topic, possibly also in research settings. 
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As mentioned before an objective that was changed on the instructor’s request was the reassignment 

of RT2 to motion planners. 

5.2. Timetable 
The schedule defined in the project plan was kept quite well. Deadlines for the tasks RT1 – RT4 were 

set for the end of the respective weeks and the final solutions for those were always presented to the 

instructor during the next meeting (usually the following Wednesday). Occasionally there were some 

minor adaptions based on the instructor’s feedback or some code polishing (e.g. moving code sections 

into reusable functions if the same functionality is needed in another task as well), but no major 

changes needed to be made after the given deadlines. Other deadlines (e.g. business aspects 

document) were dictated by the Project Work course anyway and the corresponding submissions were 

also made on time. 

5.3. Risk analysis 
In our project plan we figured we do not have any significant risks as we don’t have any physical 

parts that could break or get lost, and we had a 0€ budget from the beginning. The only risk that  

occurred to us was one of the team members quitting the course, which actually happened.  

When we started the project we had three members, one of which decided to quit for personal reasons 

during Phase 2 of the project. We discussed this with the project instructor and together we decided 

to keep going but possibly leave out any extra tasks we had planned. 

5.4. Project Meetings 
The project meetings with the Instructor were arranged weekly, usually Wednesday afternoon, 

remotely on Zoom. There was no explicit agenda for every meeting, but they always consisted of the 

team members reporting their individual progress and/or the project manager reporting the shared 

progress, followed by the feedback about the presented progress from the instructor. After that, it was 

agreed on how to continue with the current or next task, i.e. possible questions were settled with the 

instructor and if necessary upcoming course events or deadlines were discussed. During the meetings, 

each team member took notes individually and the information from those was shared later on 

between team members if necessary, e.g. when a team member couldn’t take part in a meeting. 

Important learning effects related to these project meetings would be valuing the importance of 

regular progress reports even if there is no particularly close deadline and also refraining from 

cancelling instances of the regular meetings even if there seems to be not much to discuss, as both of 

these measures encourage continuously spending time working on the project.  

6. Discussion and Conclusions 
The primary learning outcomes of the project were of course deepening and practically applying our 

knowledge in the fields of robotics and simulation and gaining experience in software development, 

including programing in Python, building up and structuring reusable software modules and in some 

extend also experiencing the difficulties of cross-platform usability (at some point we dug into 

problems running the code developed under Linux on Windows caused by slightly different 

functionality of system functions). Furthermore we gained experience related to project planning and 

managing, making and following schedules, and, although often not an engineer’s favorite discipline, 

developing a business plan for a technical product/idea. It is also a valuable lesson that not everything 

will always work out perfectly and that there might be remaining issues that cannot be solved, at least 

not in the scope of the ongoing project, but despite that a project can still be considered successful.  

List of Appendixes 
• Project plan 

• Business aspects document 
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