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Project Description

A doctor may recommend hip 
replacement if there exists significant 
pain, inflammation and damage to 
the hip joint due to conditions such 
as:

- Osteoarthritis (most common)
- Rheumatoid arthritis
- Osteonecrosis (avascular 

necrosis)
- Injury such as hip fracture
- Tumor in the hip joint Total Hip Arthroplasty Overview



Factors and Barriers of Success
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Steps in Total Hip Replacement:

- Reaming the acetabulum
- Cutting and drilling into the femur
- Impacting the acetabular cup into the 

acetabulum
- Impacting the femoral implant into the femur

              Success Criteria
● Accuracy of acetabular cup position 

and orientation
● Accuracy of Femoral Implant
● Surgical Time

Barriers
● Surgeons cannot see site of surgery very 

well
○ < 50% of manual surgeries are within 

the Lewinnek safe zone
● Modern systems lower this barrier but at the 

cost of surgical time and robustness

Femoral Stem and Acetabular Component Placement [1]

Femoral Stem and Acetabular 
Component Construction [4]
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Our Solution: ARTHuR (Autonomous Reaming for Total Hip Replacement)

A fully autonomous robotic arm aimed at performing 
acetabular reaming with high accuracy, eliminating the 
need of surgeons to use intuition to correctly 
position/angle the reamer.
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Use Case
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Patient has 
Osteoarthritis

Surgeon makes 
surgical plan with 

3D Anatomical 
Model

Surgeon performs 
THA surgery with 

autonomous 
reaming robot

Acetabulum is 
reamed accurately 

according to 
surgical plan

Patient is happy! 
:)

Use Case Flow



Use Case
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Use Case visualization and environment mockup



Requirements
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Mandatory Performance Requirements

M.P.1.1  Localize the robot arm with a latency less than or 
equal to 50 ms

M.P.1.2.1  Localize the robot arm with respect to the pelvis with 
a position error of less than 1 mm

M.P.1.2.2  Localize the robot arm with respect to the pelvis with 
an orientation error less than 1.5 deg

M.P.2  Plan the trajectory based on the given surgical plan with 
a latency less than or equal to 150 ms

M.P.3.1  Execute surgical plan by reaming along the trajectory 
with an position error of less than 1 mm

M.P.3.2  Execute surgical plan by reaming along the trajectory 
with an orientation error of less than 1.5-degrees
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The System Will:
M.P.4.1  Compute error and interpret the movement of the 
pelvis with a latency less than or equal to 50 ms

M.P.4.2 Generate a new trajectory if the errors are greater 
than 1 mm or greater than 1.5-degrees

M.P.5  Adapt and compensate for movement by generating a 
new trajectory with latency less than or equal to 150 ms

M.P.6  Allow the surgeon to place the robot arm to an initial 
position by back-driving the robotic arm

M.P.7  Provide the surgeon with visual feedback with a 
latency less than or equal to 150 ms

M.P.8  Allow the surgeon to e-stop the system, stopping the 
system within 500 ms

Detailed Functional 
Requirements



Mandatory Non-Functional Requirements

M.N.1  Produce forces low enough for it to be safe around humans

M.N.2  Provide a minimal and easy-to-interpret user interface design for surgeons

M.N.3  Autonomously detect malfunctions and errors and notify user accordingly
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The System Will:

Detailed Non-Functional 
Requirements



Functional
Architecture
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Functional Architecture
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Cyberphysical 
Architecture
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Cyberphysical Architecture
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Subsystem 
Descriptions
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Major Subsystems

Sensing & Perception Planning & Controls

Hardware & Actuation Surgeon I/O



Planning and 
Controls
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Planning and Controls
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Modifications:
● Not using CHOMP
● Using Model Predictive Control
● Gravity Compensation built into Kinova 

Gen 3 Arm



Model Predictive Control: Current Progress
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Free Motion Mode (FMM)
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Example of Gravity Compensation in FMM



Using ROS for Planning & Control
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MoveIt! Dependencies
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Motion planning using MoveIt! and IKFast solver

Motion Planning: Current Progress



Perception and 
Sensing

26
Hipster 2021 © All Rights Reserved



Input, Sensing, and Perception
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Functioning of Dynamic Compensation



Camera Setup

Marker Tracking: Current Progress
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Marker Tracking Using Atracsys SDK

Robot Arm Moving the Marker Probe for Test Marker Tracking Using ROS



Registration: Current Progress

29
Hipster 2021 © All Rights Reserved

Point Collection on Commercial SystemMarker (left) Usage of Marker on Registration Probe 
(right)

Source and target 
pointclouds

Downsampled 
pointclouds after initial 

registration 

Point-to-point distance 
cost function results 

after RANSAC 
refinement 

3D scan from Konica Minolta Vivid 9i

373 Points
56704 
Points



Hardware and 
Actuation
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Subsystem Description: Hardware and Actuation
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Work Environment Mock-up



Reamer and Kinova Gen-3
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Surgical Reamer Kinova Gen-3 Robot Arm

+



Current Progress: Kinova Gen-3
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Kinova Gen-3 Working



Current Progress: Pelvis Screw Mount and Reaming Handle
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Pelvis Screw Mount
Reaming Handle



Current Progress: End-Effector Adapter
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Solidworks Clamping Design

Clamping 3D-Print Prototype



Current Progress: End-Effector Adapter
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ServoCity Motor

End-Effector Adapter



Current Progress: End-Effector Adapter
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Full End-Effector Assembly



Current Progress: Motor-Control PCB
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PCB Schematic Pololu Motor Driver, Power 
Supply, Arduino Nano



Current Progress: Completed Setup
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Full Setup



Surgeon I/O
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Surgeon I/O and Visualization
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+

IGSTK Visualization Screen RViz Visualization Screen [8]



Project 
Management
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Work-Breakdown Structure
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Schedule
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High-Level Test Plan: Progress Reviews
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High-Level Test Plan: Fall Semester Plan [Tentative]
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High-Level Test Plan: Progress Review 5 & 6 [SVD]
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High-Level Test Plan: Progress Review 5 & 6 [SVD]
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High-Level Test Plan: Progress Review 5 & 6 [SVD]
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High-Level Test Plan: Progress Review 5 & 6 [SVD]
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High-Level Test Plan: Progress Review 5 & 6 [SVD]
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High-Level Test Plan: FVD
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Budget
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Total Budget Total Spent Balance

$5000 $369.93 $4630.07
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Risk Management
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*Red indicates biggest risks
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Risk Management
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Risk Management

Hipster 2021 © All Rights Reserved



57

Risk Management
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Questions?
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Thank You!
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Functional 
Requirement

Performance Requirement Justification

M.F.1 The system 
shall localize the 
robot arm in 
real-time with respect 
to the pelvis before 
and during surgery

M.P.1.1  The system will localize the robot 
arm in real-time with respect to the pelvis 
before and during surgery with a latency 
less than or equal to 50 ms

Latency of Atracsys Sprytrack 300 is less than 25ms; 
Processing time ~ 25ms

M.P.1.2.1  The system will localize the 
robot arm in real-time with respect to the 
pelvis before and during surgery with a 
position error of less than 1 mm

Survey sent to surgeons and literature review suggest 
a desired position error of less than 2 mm. Combining
M.P.1.2.1 and M.P.3.1 will result in a combined 
position error of less than 2 mm.

M.P.1.2.2  The system will localize the 
robot arm in real-time with respect to the 
pelvis before and during surgery with an 
orientation error of less than 
1.5-degrees

Survey sent to surgeons and literature review suggest 
a desired orientation error of less than 3-degrees. 
Combining M.P.1.2.2 and M.P.3.2 will result in a 
combined orientation error of less than 3-degrees.

Back
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Functional 
Requirement

Performance Requirement Justification

M.F.2 The system 
shall plan the 
trajectory of the robot 
arm based on the 
given surgical plan

M.P.2  The system will plan the trajectory 
of the robot arm based on the given 
surgical plan with a latency less than or 
equal to 150 ms

Total latency of the system should be less than 500 
ms. 

M.F.3 The system 
shall execute 
surgical plan by 
reaming along the 
generated trajectory

M.P.3.1  The system will execute surgical 
plan by reaming along the generated 
trajectory with an position error of less 
than 1 mm

Survey sent to surgeons and literature review suggest 
a desired position error of less than 2 mm. Combining 
M.P.1.2.1 and M.P.3.1 will result in a combined 
position error of less than 2 mm.

M.P.3.2  The system will execute surgical 
plan by reaming along the generated 
trajectory with an orientation error of 
less than 1.5-degrees

Survey sent to surgeons and literature review suggest 
a desired orientation error of less than 3-degrees. 
Combining M.P.1.2.2 and M.P.3.2 will result in a 
combined orientation error of less than 3-degrees.

Back
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Functional 
Requirement

Performance Requirement Justification

M.F.4 The system 
shall compute error 
and interpret the 
movement of the 
pelvis during reaming

M.P.4.1  The system will compute error and interpret 
the movement of the pelvis during reaming with a 
latency less than or equal to 50 ms

Latency similar to localization

M.P.4.2 The system will generate a new trajectory 
if the interpreted position and orientation errors are 
greater than 1 mm or greater than 1.5-degrees

The thresholds for compensating for these 
errors should be less than the desired 
errors (2 mm and 3-degrees).

M.F.5 The system 
shall adapt and 
compensate for 
movement by 
generating a new 
trajectory

M.P.5  The system will adapt and compensate for 
movement by generating a new trajectory with a 
latency less than or equal to 150 ms

Latency similar to trajectory planning

Back
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Functional Requirement Performance Requirement Justification

M.F.6 The system shall 
allow the surgeon to place 
the robot arm at an initial 
position

M.P.6  The system will allow the 
surgeon to place the robot arm to an 
initial position by back-driving the 
robotic arm

Reduce system complexity by keeping path to be 
planned short

M.F.7 The system shall 
provide the surgeon with 
visual feedback

M.P.7  The system will provide the 
surgeon with visual feedback with a 
latency less than or equal to 150 ms

From literature on telesurgery, latency >150 ms is 
found to be noticeable to surgeons, and degrades 
performance of surgeon-performed tasks

M.F.8 The system shall 
allow the surgeon to 
e-stop

M.P.8  The system will allow the 
surgeon to e-stop the system, 
stopping the system within 500 ms

Competitor systems have similar quantification

Back
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Functional Requirement Performance Requirement Justification

D.F.1 The system shall 
allow surgeon to change 
end-effector/tool

D.P.1  The system will allow surgeon to 
change end-effector/tool in 3 steps or 
less

During surgery, some surgeons would prefer to step 
up reamers sizes instead of using the final size. 
Allowing them to do this in 3 steps or will allow the 
surgeon to quickly and change tools during surgery.

D.F.2 The system shall 
position acetabular cup 
for surgeon to impact into 
reamed acetabulum

D.P.2  The system will position the 
acetabular cup for the surgeon to 
impact into reamed acetabulum with 
less than a 3-degree error.

According to surgeon surveys and literature review, 
3-degree error is the maximum allowable error. 
Since the reaming determines positional error, 
positional error is not a concern for impaction.

Back



Mandatory & Desired Non-Functional Requirements

M.N.1  The system will produce forces low enough for it to be safe around humans

M.N.2  The system will provide a minimal and easy-to-interpret user interface design for surgeons

M.N.3  The system will autonomously detect malfunctions and errors and notify user accordingly

D.N.1  The system will allow for numerous successful surgeries, without the need for servicing and calibration

D.N.2  The system will have a cost comparable to similar systems on the market

D.N.3  The system will adhere to all relevant ISO standards pertaining to medical robotic systems

D.N.4  The system will be of a size and dimension that is ergonomic

D.N.5  The system will be designed such that it can be serviced easily 

D.N.6  The system will be designed to be easily sterilizable or sterile in the sterile field
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