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Abstract— Fall-related injury is a significant health problem
on a global scale and is expected to grow with the aging
population. Laboratory-based perturbation systems have the
capability of simulating various modes of fall-inducing pertur-
bations in a repeatable way. These systems enable fundamental
research on human gait and balance and facilitate the develop-
ment of devices to assist human balance. We present a robotic,
rope-driven system capable of rendering bumps and force-fields
at a person’s pelvis in any direction in the transverse plane
with forces up to 200 N, and a 90% rise time of as little as
44 ms, which is faster than a human’s ability to sense and
respond to the force. These capabilities enable experiments that
require stabilizing or destabilizing subjects as they stand or
walk on a treadmill. To facilitate use by researchers from all
backgrounds, we designed both a configuration with simpler
open-loop force control, and another with higher-performance,
closed-loop force control. Both configurations are modular, and
the open-loop system is made entirely from 3D-printed and
catalog components. The design files and assembly instructions
for both are freely available in an online repository.

I. INTRODUCTION

Falls are a significant medical problem facing society.

One in three older adults [1] and one in two people with

amputations [2] fall each year. Falls often lead to serious

injury or death [3] and cost the U.S. healthcare system

approximately $50 billion USD annually [4]. Improved un-

derstanding of falls and better fall-prevention technology

could benefit millions of people.

In order to prevent falls, we need tools to identify the spe-

cific mechanisms through which they occur. External bumps

and internally generated errors resulting in undesirable center

of mass (COM) movement account for about half of falls [5].

Emulating real-world fall conditions while in a laboratory

setting enables researchers to safely and repeatably study

underlying mechanisms and methods to prevent falls. The

prevalence of COM-related falls and benefits of studying

falls in a laboratory setting motivate the development of

laboratory-based perturbation systems to study COM-related

falls.

We identified three key design features to make a

laboratory-based perturbation system as useful as possible:

versatility, responsiveness, and ease-of-access.
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A perturbation system should be versatile and allow the

experimenter a high level of control over the disturbance

profile. The system should be able to perturb a participant

from multiple directions, for example, to study differences in

stability in the medial-lateral and anterior-posterior directions

[6]. The ability to generate force profiles of different shapes

and magnitudes is also important, as it allows the experi-

menter to emulate different types of disturbances. The system

should also be able to apply sufficient force. To counteract

the horizontal ground reaction forces generated by a 70 kg
person while walking, for example, a perturbation system

must be able to apply forces of approximately 170N [7]. In

addition to displaying force when desired, the device should

be able to avoid applying undesired forces so that subjects

can move freely while standing or walking on a treadmill.

The system should be as fast as possible to render any

force desired by the experimenter. We estimate the time

to reach 90% of the peak force from bumping into a stiff

object with the pelvis at a typical walking speed to be

approximately 20−45ms [8]. In order to accurately render

a perturbation by a stiff object, the system should have a 0-

90% rise time in that range. The human response is another

important aspect of the system. Human response time for

visual, auditory, and haptic cues are 180ms, 140ms, and

140ms, respectively [9]. Subcortical responses are faster, and

a model of stretch-reflex delays estimates the response time

in humans to be 90ms [10]. Using this model with more

conservative estimates of nerve lengths suggests a 60ms
response time. To unexpectedly perturb a subject, the system

must be fast enough to display a significant amount of force

in less time than it takes to respond to a stimulus. These data

suggest that 45ms and 60ms are important benchmarks for

responsiveness.

Providing the research community with a financially and

technically accessible research tool would enable more

widespread studies on falls. There are many existing per-

turbation systems that have high functionality, but are spe-

cialized and would be difficult to replicate. An accessible,

open-source design should be low-cost, made entirely of 3D-

printed and catalog components, and come with instructions

for component purchase, assembly and control. These fea-

tures would allow the system to be built and used by any

researcher regardless of their level of technical expertise and

would avoid future researchers having to design and build

their own system for a specific experiment.

Physical perturbation systems have been useful in previous

studies of standing and walking balance by unexpectedly

bumping participants. These perturbation systems used a
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variety of strategies to create a perturbation, including drop-

ping weights attached to the subject via ropes [11]–[13],

pushing them with rigid mechanisms [14]–[18], tugging

them with rope pulling mechanisms [19]–[23], or even

manually pushing or pulling them [24], [25]. Analyzing the

different strengths of these systems indicates that a mod-

ular, motor-driven rope system with a simple transmission

could provide the desired versatility, responsiveness, and

accessibility. Modular systems can be reconfigured for a

variety of experiments, motor-driven systems can display

various force profiles, and rope-based systems minimally

restrict subject movement. All of these attributes contribute

to the versatility of the system. Using high-stiffness ropes

enables higher responsiveness, and a simple, motor-driven

transmission makes the system technically and financially

accessible.

In this paper, we present a modular perturbation system,

where each module has an independently controlled motor

that can apply forces in a single direction with a rope. It is

capable of perturbing a standing or walking subject at the hip

with various force profiles, magnitudes of up to 200N and a

rise time as little as 44ms. We also demonstrate how modules

can be used cooperatively to emulate perturbations in any

direction in the transverse plane, and can be paired with

optional encoders to render force-fields. By providing this

research tool to the rehabilitation robotics and biomechanics

communities, we hope to enable researchers to improve the

collective understanding of how falls occur, how to prevent

them, and how humans move in novel environments.

II. SYSTEM DESIGN

We designed two configurations of the perturbation sys-

tem: one performs open-loop force control, and is the

simplest and least-expensive configuration of the system.

The other includes an additional force sensor that enables

it to perform closed-loop force control, which improves

tracking performance in general and especially when larger

hip motions are expected, such as when the subject is

walking. In this section, we first describe an overview of

the physical system architecture, followed by the system

modelling we performed to inform the selection of various

design components. We then describe the mechanical design,

sensor setup and controller design. Finally, we describe

features of the open-source design that make the system

components easy to acquire, assemble, and use.

A. System Overview

The perturbation system is modular. Each module pulls

in a single direction, and multiple independently-controlled

modules can be set up based on the number of pull directions

needed. Fig. 1A depicts the layout of a four-module system

that allows application of forces in any direction. The mod-

ules can be placed at hip height to apply perturbations in the

transverse plane. Each module has a motor unit controlled by

a control unit. A stiff rope is wound around a reel drum in the

motor unit and attached to a harness worn by the subject on

the other end. A safety breakaway cable that breaks within

a specified force range and a force sensor are attached in

series with the rope. The force sensor is only required in the

closed-loop configuration.

B. System Modelling

Fig. 2. Simplified model of the human-robot system.

We built a dynamical model of the transmission compo-

nents which allowed us to identify the motor specifications,

reel drum radius, and rope characteristics that would achieve

desired step response rise times.

We model the transmission as a mass-spring system (Fig.

2), where the subject is a frictionless sliding mass m with

displacement x. The mass is attached to a rope that is

modeled as a spring with spring constant ks. This rope is

attached to a drive train with combined rotational inertia J ,

radius r, applied torque τm, and angular displacement θ.

From this model, we derived the equations of motion. We

estimate the rope force as ks(rθ− x). We assumed an ideal

bang-bang controller that applied maximum, then minimum

motor currents allowable given the motor specifications and

voltage limitations from the instantaneous motor velocity.

We then iteratively solved for the step timings that would

achieve our targeted force with minimum rise time and zero

overshoot. We obtained the minimum rise times for various

sets of motor, reel drum and rope parameters. Faster rise

times were achieved with shorter and stiffer ropes. Hence,

modules were placed as close as possible to the subject while

allowing a desired range of motion. The ropes in our setup

are approximately 4.5 ft. We also selected a motor that could

achieve our desired rise times without a gearbox or a large

reel drum that would increase system cost and size.

Since this simulation assumed an ideal controller and a

frictionless system, we expect the real system to perform

slightly worse. Hence, we selected a motor and reel drum

radius that could outperform the 60ms rise time goal. We

selected a 260W maxon brushless motor (EC-90 Flat, maxon

Group, Switzerland) and reel drum radius of 0.75 in, which

could achieve rise times of 30.1ms in simulation.

C. Mechanical Design

Each module comprises a harness, rope, breakaway cable,

motor unit, control unit and optional sensors. The subject

wears a hip harness with ropes attached that transmit the

perturbation forces from the motor unit to the subject. A

breakaway cable is tied in series with the rope, acting as

a mechanical fuse designed to fail at 250N to ensure the

subject does not experience unsafe force magnitudes. A force

sensor is also placed in series with the rope to measure

the tensile forces being applied, and is only needed for the

closed-loop configuration.
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Fig. 1. Physical System Architecture. (A) Overhead Schematic of a four-module configuration. Breakaway cable and force

sensors are placed in series with each rope that links the subject to the motor unit and its respective control unit. (B) Real

and exploded view of the motor unit. (C) Components within the control unit that control power and signal flow to the

motor unit. (D) Force sensor used to measure rope force.

The motor unit (Fig. 1B) is responsible for applying forces

to the rope. Within the motor unit, the rope is guided through

an eyebolt and wound tightly around a reel drum. The rope

should pass through the center of the eyebolt, but if a subject

moves too much, the eyebolt prevents the rope from getting

pulled over the side of the reel drum. A cover is placed

around the reel drum and helps keep the rope in place in case

any slack is generated during fast spooling and unspooling.

The reel drum comprises a 3D-printed drum that is bolted

to a flanged shaft coupler that clamps onto the drive shaft.

The drive shaft is supported on both sides by radial bearings.

An optional magnetic encoder can be mounted to one end if

state-based control if desired, but is otherwise unnecessary

for either the open-loop or closed-loop configurations. A

shaft coupler connects the drive shaft to the motor shaft of

the brushless motor. These components are all held together

by a 3D-printed mounting frame designed to sustain the

loading forces expected. Strengthening ribs run along the

main body, support arms for the drive shaft bearings, and

eyebolt mount. These features are designed to be robust

against the tensile, torsional and bending loads expected.

This frame has mounting holes that allow it to be mounted to

an 80/20 (IN, USA) frame or directly to a wall at hip height.

The control unit (Fig. 1C) controls the power and signal

flow to the motor unit. The motor is driven by a motor

driver (ESCON 70/10, maxon Group, Switzerland) that is

powered by a 48V DC power supply (RSP200048, MEAN

WELL, Taiwan). A shunt regulator (DRS 70/30, maxon

Group, Switzerland) is placed in series to dissipate the excess

current generated during braking. A controller converts the

experimenter’s desired force commands to the motor driver

via a single analog output. The driver will command current

corresponding to approximately 40N continuously and up

to 200N periodically. If the optional encoder is included,

its signals are passed to the controller through an analog

input. In the closed-loop configuration, signals from the

force sensor are processed by a signal amplifier (IAA100,

Futek, CA, USA) and passed to the controller via a second

analog input. In our system, we used a Speedgoat real-time

controller (Speedgoat, MA, USA) running at 1000Hz.

D. Sensors

In the closed-loop configuration, we measure the applied

forces in order to improve tracking performance. The forces

are measured by a force sensor placed in series with the

rope. In each force sensor, two strain gauges (SGD-7/1000-

LY13, Omega, CT, USA) are placed on opposite sides of a

thin aluminum dogbone and wired in series with each other.

They are connected to form a quarter of a wheatstone bridge

circuit that is mounted near the module. This configuration

will exclude readings due to any bending forces generated
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Fig. 3. Control Block Diagrams (A) Open-loop force

control (B) Closed-loop force control with force feedback

on the aluminum dogbone.

An optional magnetic encoder can also be used to collect

data on the angular displacement of the drive shaft. This

enables implementation of state-based control to render vir-

tual environments such as force-fields. The encoder magnet

(RMA37A3, Renishaw, United Kingdom) is clamped directly

to the shaft, and the encoder (RM22, Renishaw, United

Kingdom) is mounted on a 3D printed mount that is attached

to the mounting frame. Both the force sensor and motor

encoder signals are filtered with a 2nd order Butterworth

filter with a cutoff frequency of 60Hz.

E. Controller

We developed two controllers, one open-loop and one

closed-loop. The open-loop controller is the simplest to use,

as it commands a constant current based on desired force and

a simplified system model. Bang-bang control can be used in

the open-loop configuration, but is difficult to tune. For ease-

of-use by other researchers, we opted for the simple model-

based control described below for the open-loop option.

The closed-loop controller is expected to offer improved

performance, as it uses a feedback term on measured force,

which requires the use of a force sensor.

The open-loop controller sets motor current as

ides = fdesr/kt, (3)

where ides is the desired current command sent to the motor

driver, fdes is the desired force, r is the reel drum radius,

and kt is the torque constant of the motor. This model

does not account for transmission inertia, which affects force

transmitted to the rope during periods of acceleration.

In addition to the desired force, fdes, the closed-loop

controller uses measured force, fmeas, and their respective

time derivatives, ḟdes and ḟmeas. The tuning parameters kp
and kd are the proportional and derivative gains, respectively.

ides = kp(fdes−fmeas)+kd(ḟdes− ḟmeas)+fdesr/kt (4)

The ḟmeas term was calculated using a noise-suppressing

numerical differentiation method that averages the derivative

of the measured force over the previous three time steps, as

described in [26].

System Costs

Components
Single-Module
System

Per Additional
Module

Open-Loop w/o Encoder $1,718 $1,490

Closed-Loop w/o Encoder $2,389 $1,947

Encoder $91 $82

TABLE I: Cost of different system combinations in USD.

F. Open-Source Design

We designed our modules to be easy for others to replicate.

The open-loop configuration is constructed entirely from 3D-

printed or catalog components. The reel drum, reel drum

covers, encoder mount and mounting frame are made from

3D-printed Polylactic Acid (PLA). We provide the CAD

models in the accompanying repository. The brushless motor,

motor driver, shunt regulator, power supply, signal amplifier,

strain gauge, encoder and other mechanical components are

catalog parts. We provide a bill of materials for all these

components. For the closed-loop module, the aluminum

dogbone can be ordered from Proto Labs (MN, USA). We

provide the CAD models in the accompanying repository.

The components in the strain gauge wheatstone bridge

circuitry are catalog parts, but require some soldering to

be assembled, and we provide schematics and photos for

how to do so. A complete bill of materials, all design files,

and assembly instructions for the system are freely available

at https://biomechatronics.stanford.edu/bump-em, where we

also intend to post future versions of the system.

We designed the system to be modular, so that it could be

easily configured for a variety of experimental needs. The

number of modules and positioning of each in the lab can

be chosen depending on the range of pull directions needed.

We designed the system to be inexpensive. A system

with a single module, excluding the optional encoder, costs

$1,718 for the open-loop and $2,389 for the closed-loop

configuration. Some items, such as the subject harness, are

baseline costs that do not scale with number of modules.

Table I lists the cost of a single-module system, which

includes baseline costs, and the cost of additional modules

for both open-loop and closed-loop configurations.

We do not include the controller in the listed costs due to

the wide range of options. The system only requires 0-5 V

analog inputs and outputs from the controller. Hence, one

can use anything from open-source microcontrollers such as

Arduino (Arduino, MA, USA) to larger real-time systems

such as Speedgoat (Speedgoat, MA, USA).

III. EXPERIMENTAL TESTS OF PERFORMANCE

We tested the system with one participant (N = 1; male;

70 kg; 1.8 m; 24 yrs) in order to determine how well the

different system configurations would perform as the human

responded to perturbations.
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trials for each magnitude. Thick lines represent mean trajectories. Dashed lines represent desired force. (B) Step responses

while walking with perturbations in the medial, lateral, anterior, and posterior directions during early (10%) and mid-late
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indicate force from perturbing motor module. Dashed line indicates desired perturbation force.

A. Standing Step Responses with Various Magnitudes

We measured peak force and rise time using step re-

sponses. We performed perturbations in the lateral direction

while standing with magnitudes of 50, 100, 150, and 200N
with 10 trials for each magnitude (Fig. 4A). The 200N
responses were slowest of all magnitudes and had a 0-90%

rise time of 59±1.0 ms for the open-loop configuration and

44± 0.7 ms for the closed-loop configuration.

B. Walking Step Responses with Various Conditions

We tested 150N step responses in different directions and

times in the gait cycle during walking. They were displayed

in anterior, posterior, medial, and lateral directions during

early (10%) and mid-late (65%) swing phase. We found the

open-loop configuration to be relatively fast and consistent,

with a 0-90% rise time of 66±6.4 ms. We found the closed-

loop configuration to be faster and more consistent with a

rise time of 41± 2.7 ms.
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C. Coordinated Module Force Responses

We simultaneously applied force with two modules po-

sitioned to the left and to the front or rear of a standing

subject. Each module tracked a ramp-like force profile lasting

700ms, similar to that shown in the top row of Fig. 4E.

Each module provided either the medial-lateral or anterior-

posterior components of 9 force vectors in the transverse

plane. (Fig. 4C). We tracked resulting force vectors with an

average RMS error of 13.8N for open-loop and 5.2N for

closed-loop.

D. State-Based Control to Render Virtual Springs

We used the optional encoder on the drive shaft to provide

estimates of subject displacement from a set point. We ap-

plied motor commands to simulate a virtual spring force with

spring constants of 250 , 500 , 750 , and 1000Nm−1 (Fig.

4D). Linear fits to the data (with intercepts forced through

the origin) have slopes of 39 , 192 , 345 , and 460Nm−1

with R2 of 0.16, 0.77, 0.90, and 0.91, respectively, for the

open-loop configuration and 174 , 376 , 609 , and 660Nm−1

with R2 of 0.90, 0.96, 0.99, and 0.96, respectively, for the

closed-loop configuration.

E. Tracking Various Force Trajectories

We tested ramp, semi-circle, and sinusoid force trajectories

on a standing participant in order to test the system’s

ability to track various force trajectories. Each trajectory

was performed 10 times. The RMS error for all trials of

each trajectory was 13.5, 18.8, and 25.0N, respectively,

for the open-loop configuration, and 4.9, 8.6, and 16.1N,

respectively, for the closed-loop configuration.

F. Low-Force Tracking During Walking and Perturbation

We tested the system’s ability to minimize rope slack using

low-force tracking, as slack adversely affects perturbation

magnitude and timing consistency. We used a low-force

tracking magnitude of 12N for the open-loop configuration

and 3N for the closed-loop configuration in the anterior

direction with a perturbation from the posterior module

during walking (Fig. 4F). These directions were chosen as

they performed worst during pilot testing. The open-loop

configuration tracked the low-force command with a RMS

error of 9.8N and the closed-loop configuration tracked it

with a RMS error of 1.6N.

IV. DISCUSSION

Both open-loop and closed-loop configurations perform

well according to our design criteria. They both produce

enough force, respond quickly, and are made from sim-

ple, easy-to-make modules. Both configurations are versatile

enough to perturb participants during standing or walking,

display force in any direction by coordinating modules, and

can be combined with optional sensors to render force-

fields. The force-field rendering is adequate, especially in

the closed-loop configuration with stiffer virtual springs.

Both system configurations are highly responsive. Step-

responses to 200N during standing demonstrated rise times

of 59ms for the open-loop configuration and 44ms for

the closed-loop configuration. The open-loop configuration

meets the requirement to beat the human stretch-reflex in

order to perturb a subject before they sense and respond

to the onset of perturbation. The closed-loop configuration

is faster than the human stretch-reflex, and is approaching

the rise-time required to accurately render contact with stiff

objects. The active force control of the system allows it

to successfully track a variety of force profiles with high

accuracy. The closed-loop configuration performs slightly

better across all force-tracking tasks, and the improved

performance is most notable during walking. The closed-loop

step response drops slightly at the end of the 200N standing

perturbation because the subject adopted a less-stable pose

and consequently accelerated more when perturbed, thus

requiring the motor to rotate with higher velocity, generate

larger back-emf, and produce slightly lower force. This

result indicates that changes in a subject’s impedance affects

system dynamics.

The higher performance of the closed-loop configuration

make it preferable if the additional complexity and cost of

the force sensor and associated circuitry are manageable. The

closed-loop configuration has faster rise times, better force

tracking, and performs effective low-force tracking between

perturbations that makes it almost imperceptible during walk-

ing. The open-loop configuration performs well enough for

many experiments and if low-force tracking performance

during walking is problematic for an experiment, slack could

be left in the ropes, at the cost of consistency in perturbation

timing and magnitude.

V. CONCLUSION

In this paper, we provide the design and characterization

of a modular, open-source perturbation system that can

be made entirely out of affordable catalog and 3D-printed

components. The modularity of this system makes it useful

in a wide range of experiments. The simple design using

easily-obtained components makes the system financially and

technically accessible and therefore easy to replicate. The

system is capable of perturbing subjects with forces of up to

200N in any direction at the hips, fast enough to display 90%

of the desired force before a subject can detect and respond

to it, and capable of rendering force-field environments with

the use of optional encoders. We provide two versions of the

system: an open-loop configuration which is less expensive,

simpler to assemble, and suitable for applications requiring

less-precise force control, and a closed-loop configuration

which is approximately 30-40% more expensive depending

on the number of modules in the system, requires assembly

of additional sensors, and provides better force tracking,

especially during high-movement activities. Both system

configurations can serve as useful research tools that will

enable researchers from all backgrounds to study how falls

occur, how to prevent them, and how humans move in novel

environments.
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