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HBM

Human Body Model.
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Open source.

OpenSim

Open Source software tool modelling musculoskeletal structures
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VIRTUAL Virtual Testing repository on Gitlab (virtual.openvt.eu).
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Executive summary
This document is the VIRTUAL project deliverable describing the validation of a standing passenger
human body model (HBM) which is provided to WP5. The model is developed for assessing the safety
of a standing passenger in public transport during a sudden braking or acceleration event. The final
version of the tool will be provided on the OpenVT platform developed by VIRTUAL.
The validation of the model is documented in a scientific publication. The paper is an appendix to this
deliverable. As the time of submission the deliverable is in draft form addressing the female standing
passenger. The methodology is described for validation which is applied to the female model. The male
version of the model will be subjected to the same procedures. Subsequent validation of the male model
will be reported in a final version of the deliverable with other results provided in WP5, Deliverable 5.3.
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1. Background and Scope of
Document
The Horizon 2020 project VIRTUAL1 project is creating Open Source resources to assess injuries of
individuals in the transport system. The VIVA+ models are finite element models representing 50%ile
females and males and are being developed to predict injuries to road users that may be inside or
outside a vehicle. As road users come in different sizes, ages, and genders WP2 will create the human
body model (HBM) resources used in the VIRTUAL project activities in WP3, 4 and 5. Specifically, WP2
will provide a set of HBMs ready for implementation in specified demonstration cases for seated
occupants, Vulnerable Road Users (VRUs) and erect passengers in public transport. WP2 will exploit
existing HBMs and supporting software previously developed in the national (VIVA) and EU Funded
(PIPER) projects. These open-source resources will be further enhanced to extend their application and
availability to the community. One main goal of the VIRTUAL project is to define the general workflow
of a virtual test procedure that starts with a physical test that works as a reference for validation of the
virtual simulation. The virtual simulation set-up is then compared to the physical test set-up by
replicating the physical test conditions, to verify the validity of the virtual simulation test set-up. The
virtual simulation test set-up will then be employed to study a range of parameter variations.
This document reports describing the progress and application of an erect standing passenger VIVA+
human body model (HBM) – denoted VIVA+ SP. The model is developed for assessing the safety of a
standing passenger in public transport during a sudden braking or acceleration event. The final version
of the model will be provided on the OpenVT platform2 on Gitlab developed by the VIRTUAL project
members.
The model is based on the standing pedestrian model developed within the project. The standing model
was developed in WP2 and adapted for applications in WP4 for pedestrians. This pedestrian model also
provides the foundation for post-processing simulation output for injury risk assessment.
The standing pedestrian model is being enhanced in WP2, Task 2.5, to include muscle activity which is
used to maintain an upright posture of the model under the gravitational loading as well as the reflexive
reaction due to a disturbance. The specific functions needed to simulate a standing passenger in a
public transit vehicle was outlined in Milestone 5.3 (Linder, et al., 2020). Muscle activity, as a reaction
to an applied motion of the support under the feet (a bus or tram floor) is included in the model to
represent the reactions of passenger attempting to maintain balance. Data from volunteer studies
conducted in WP5 (Krašna, et al., 2021) are used to calibrate and validate the model. Further analysis
of the volunteer responses was conducted and documented in (Xu, et al., 2021).
The volunteer studies conducted to investigate the load cases and the source of validation data are
shown in Figure 1. The model should address both forward and rearward motions of the platform
causing the passenger to possibly fall forward or rearward.

1
2

Open access virtual testing protocols for enhanced road user safety (VIRTUAL) https://projectvirtual.eu/
https://virtual.openvt.eu/
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Figure 1 Forward and backward orientation of the volunteers representing potential falls

Model development, updates, and enhancements
The VIVA+ models have been continuously improved during the project. The model family is shown in
Figure 2. The latest models can be accessed at the model repository:
https://virtual.openvt.eu/fem/viva/vivaplus. The current release is v0.2.5 (Download link). The
standing passenger models are based on the V0.2.5 standing models (seen in the figure) are available
within the consortium at Projects · Robert Thomson / WP2-Task5 · GitLab (openvt.eu).

Figure 2. The VIVA+ model family.
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Appendix: Paper Manuscript
A model for assessing standing public transport
Robert Thomson, Matej Kranjec, Simon Krasna
Introduction
Public transport is promoted as a sustainable personal transport model, particularly in in congested
urban settings. To ensure the transport option is used, it must provide timely, comfortable, and safe
transit for the entire voyage. Focussing on the safe and comfortable aspect of transit, we must consider
how standing passengers on buses and trams are experience journeys when they can be subjected to
perturbations due to vehicle manoeuvres. It is expected that vehicles must accelerate and brake leaving
and approaching designated stops, but there are other road users that will cause unexpected actions
by the vehicle operators. All of these manoeuvres may introduce uncomfortable or even unsafe
conditions for passengers.
The risk of injury in non-collision incidents was estimated as 0.012-0.27 per million passenger km for
passengers on public transport compared to 0.064 to 1.22 for car passengers in the city of Oslo, Norway
(Elvik, 2019). Looking into the factors associated to or contributing to the risk of falling; perturbation
magnitude, duration, and orientation in conjunction with passenger capabilities were the main
contributors. As discussed by (Xu, et al., 2021), harsh acceleration and sudden braking perturbations
are important. It was also found in several studies that female passengers aged 65+ are
overrepresented ( (Bjoernstig, 2005); (Albertsson, 2005); (Halpern, 2005); (Halpern, 2005)). (Silvano
& Ohlin, 2019) conducted a more recent study finding that not only elderly females were at risk but also
younger females were overrepresented in some age categories. Injuries are often reported for the area
around the entry doors with injuries associated to both falls to the floor, as well as vertical surfaces in
the vehicle (Edwards, et al., 2019). The latter also reported that injuries to the head and chest were
the most frequently body regions injured. Elvik reported that falls were more related alighting or
boarding public transport vehicles, but the data is very limited (Elvik, 2019).
Postural balance is a complex neuromuscular activity, and it is useful to simplify the process into general
processes that facilitate analysis. The basic balance responses were characterised previous researchers
(Nasher & McCollum, 1985; Winter, 2005) 1) the ankle, 2) the hip, and 3) the step. The goal of these
strategies is to maintain the body’s projected centre of mass (CM) within a region known as the base
of support (BoS). The BoS is the area that encompasses the contact patch of the feet on the floor. The
first two are referred to fixed base strategies where the feet are stationary on the floor. The internal
joint torques generated by the muscles adjust the global position of the CM to be within the BoS. The
step response is a change-of-support where the goal is to adjust the BoS by changing the feets’ positions
( (Maki, B. E, et al., 2008); (Maki, B. E. & McIlroy, W. E, 1997)). Balance can be maintained for less
severe perturbations by a combination of ankle and hip adjustments while more severe disturbances
will require change-in-support strategies with single or multiple recovery steps ( (Maki, B. E, et al.,
2008); (Maki, B. E. & McIlroy, W. E, 1997)). The inference from these balance strategies is that when
the projected CM cannot be maintained within the persons BoS balance cannot be maintained and the
fall initiates.
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Ankle

Hip

Figure 3: Ankle and Hip Balance Strategies

The need to understand the cause and mitigation of injuries for passengers on public transit requires a
tool that can assess injuries due to the contact of falling bodies with different structures found in the
interior of public transit vehicle. From the preceding description of injuries and precipitating events to a
fall, a tool that can assess the impact biomechanics of a falling human would be necessary. While both
mechanical and numerical options, a tool that is configurable for a diverse population (male, female,
stature, etc) is most appropriate. Both mechanical anthropometric test devices (ATDs) and finite
element Human Body Models (HBMs) that can be considered for this application. The role of muscle
activity and adjustability make a numerical tool more convenient.
The Horizon 2020 project VIRTUAL3 project is creating Open Source resources to assess injuries of
individuals in the transport system. The VIVA+ models are finite element models representing 50%ile
females and males and are being developed to predict injuries to road users that may be inside or
outside a vehicle. As road users come in different sizes, ages, and genders VIRTUAL will create the
human body model (HBM) resources used in the project activities. One activity is directed towards
pedestrian impacts, which has been investigated for many years through different human modelling
approaches, and this model can serve as a foundation for standing passenger safety assessment models
within the VIRTUAL project.
A difference between a standing pedestrian model and a standing passenger model is the inclusion of
muscle activity which is used to maintain an upright posture of the model under gravitational loading
as well as the reflexive reactions due to a disturbance. The specific functions needed to simulate a
standing passenger in a public transit vehicle were outlined in Milestone 5.3 (Linder, et al., 2020). This
is a substantial deviation from standard pedestrian or similar applications of HBMs. The gravity load and
muscle activity applied before and during the perturbation (sudden braking or acceleration of the
vehicle) to the HBM are on the same order as the applied disturbance and cannot be ignored, as opposed
to the initial impact of a pedestrian which is dominated by the horizontal impact loads. Gravity loading
can be introduced simultaneously to impact loads in a pedestrian impact as there is no requirement to
have the joints come into equilibrium due to gravity prior to, or during, the impact. The impact loading
is orders of magnitude larger than gravity and dominates the biomechanical response. For the standing
passenger model, the loading environment must start with a gravity settling period so the model can
come into equilibrium (due to gravitational loading) before the imposed disturbance is presented.
The creation of a new FE model for standing passenger safety is a considerable undertaking even given
the existing standing pedestrian models that can assess the impact biomechanics. Assessing falls with
this type of tool, especially including the involvement of balance control, will require some new modelling

3

Open access virtual testing protocols for enhanced road user safety (VIRTUAL) https://projectvirtual.eu/
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approaches. To keep the modelling activities within the resources of the VIRTUAL project the following
two main objectives were planned:
1) Develop a model that can assess impacts of the head and chest to fixed objects in a vehicle
interior the model that will:
a. address falls in the sagittal plane only in the forward and rearward direction.
b. include muscle activity only to the point of losing balance (centre of gravity within
base of support) assumed to be the initial reflexive response.
c. simplifies the base model to account for the effects of gravity including modification
to joints not analysed for injuries.
d. not include voluntary, coordinated joint motions of the extremities (stepping and
grasping motions) in the first generations of the model.
2) Validate the model with the volunteer tests in VIRTUAL (Krašna, et al., 2019).
Model development
The standing VIRTUAL VIVA+ 50%ile female model was used as the development platform. The
derivate model will be referred to as the VIVA+ SP (Standing Passenger). The original model was
simplified for the balance control application in the sagittal plane by simplifying the lower extremity joint
definitions. Simpler kinematic revolute (or pivot) joints are introduced that override the joint motions of
the base model. There was already an existing revolute joint in the ankle and new revolute joints were
positioned in the knee and hip joint that were biomechanically compatible with motions of these joints
in sagittal plane from the neutral position. The range of motion of these joints will be constricted at the
extremes of joint motion but the new joint constraints do not restrict the motion for the small (5-10
degree) motions necessary for the planned model applications. The position of these joints is illustrated
for the left lower extremity in Figure 4. The VIVA+ model has realistic biomechanical contact surfaces
defined for the knee and hip to allow representative motions. This approach allows for injury prediction
of soft tissues like ligaments in the joints if the range of motion exceeds normal limits. These injuries
were not relevant for standing passenger applications and they were replaced with simpler, revolute
joint definitions. The VIVA+ SP is computationally intensive even with these joint simplifications.

Figure 4: VIVA+ SP model with revolute joint positions

VIRTUAL | Deliverable 2.5 | WP2 | Final

7

The muscle activity can be generated with two approaches, both of which are under investigation in the
VIRTUAL project. One approach is to generate an open loop signal that prescribes the muscle activity
during a specific event. This can be based on volunteer data to reflect human response to that event
but is then limited to only that event. A second approach is to implement a muscle controller the is a
representation of the neuromuscular system. This approach has been developed most recently by
(Olafsdottir, 2017) and (Putra, 2020) to represent head and neck responses by using either angular
positions of joints or elongation of individual muscles. The implementation of open loop control will be
developed further in this study.
Regardless of the muscle control, the muscle forces must be modelled to induce joint motions
representing a person’s original posture and reaction to the disturbance. The VIVA+ SP does not model
individual muscles such as in the approach by Östh (Östh, 2014). This would require developing a time
history signal for each individual muscle in the legs and abdomen. This level of detail is beyond the
scope of the modelling resources in the project. The revolute joint facilitates the implantation of a torque
actuator for the joint that reflects the result of the muscles on joint motion. This focus on joint moment
and rotations also facilitates the comparison on kinematic responses of volunteers as internal forces and
moments cannot be measured in-situ.
A challenge for the application of the VIVA+ model to standing passenger injury events is the influence
of gravity. The VIVA+ SP model has revolute joints in the knees and hips, in addition to the existing
ankle revolute joints in VIVA+. These joints reduce the time needed for simulating pre-impact gravity
settling simulations. The detailed joint contacts in the VIVA+ model do not to be established on the
interior joint surfaces. The soft tissues in the body must also be introduced to a gravity field to achieve
equilibrium. Soft tissues in the upper body are made rigid during the early stages of the simulation to
reduce the influence of these structures on the lower body and reduce computational time. LS-Dyna
allows for deformable elements to be switched between deformable and rigid conditions during the
simulation.
To reduce the model development of the gravity settling and simulation times, muscle torque profiles
are generated in a smaller, more time efficient model shown in Figure 5. The reduced model (VIVA+
RSP) in Figure 5 is based on the standing passenger VIVA+ SP model but has a rigid lower extremity
skeleton and no soft tissues. Additional lumped masses are added to replace the mass of the soft tissues
and body segments that were removed. This reduced model represents half of the full model and
assumes symmetrical loading across the sagittal plane. The same joint definition and torque application
system are used in both the full and reduced models allowing the response information in the reduced
model to be uploaded directly to the full model. This approach was necessary to reduce the model
tuning process time for the volunteer data. Once the joint response data to an acceleration pulse has
been generated in the reduced model, the controller output can be reused in the full model any time
that acceleration pulse is simulated.
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Figure 5: Reduced Standing Passenger VIVA+ model (VIVA+ RSP) for calculation of muscle activity.

One final modification from the initial standing VIVA+ model is the model posture. The VIVA+ SP was
positioned with the PIPER4 positioning tool to a posture similar to the original volunteer’s (Krašna, et
al., 2021) pre-test posture including stance width, arm positions, etc. The volunteer kinematics were
recorded with a motion capture system and processed in OpenSim for subsequent processing. An
example of for volunteer is presented in Figure 6 where the posture compares well the volunteer and
the computer representations.

Figure 6: Comparison of volunteer and OpenSim (left) and VIVA+ SP (right).

4

PIPER Positioning tool framework [piper-project.org]

VIRTUAL | Deliverable 2.5 | WP2 | Final

9

Validation Methodology
The VIVA+ model is benchmarked against the volunteer test data (Krašna, et al., 2021) to establish
validity of model performance. The test details are described in (Krašna, et al., 2021) and the main
points relevant for validation activities are:
a) Five different acceleration pulses were employed in tests where the volunteer was exposed
to the pulse in a forward or rearward configuration. Three of these pulses are recommended
for use in simulations and are used for validation.
b) Male and female participants were employed. The current study addresses the female
passenger characteristics.
c) The most significant data resource for the validation of the VIVA+ SP are kinematics of the
volunteers recorded with optical markers on important anatomical landmarks that were
further processed in OpenSim software.
The main application of the VIVA+ SP are falls causing injuries specified in Milestone 5.3 (Linder, et al.,
2020). This document proposes the relevant test load cases as described in Table 1. The reference
pulses in the table are presented in Figure 7.
Table 1: Proposed minimum test matrix.

Test
1F
2F
3F
1R
2R
3R

Direction
Forward
Forward
Forward
Rearward
Rearward
Rearward

Pulse
Hard braking
High acceleration, low jerk
Moderate acceleration, High jerk
Hard braking
High acceleration, low jerk
Moderate acceleration, High jerk

Figure 7: Reference Pulses (All presented positive for presentation).

Detailed information for the test results is presented in (Krašna, et al., 2021) but the main plots of
interest are the joint angular positions for the ankle, knee, and hip are provided in the Appendix. The
ankle response for three male and 3 female volunteers are presented in Figure 8. (Krašna, et al., 2021)
reported that the step off time for the first step occurred between 0.5s for low acceleration and high
jerk, 0.7s for high acceleration and low jerk, and 1.3s for the hard braking pulse (on average) for the
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three pulses of interest. This suggests that muscle activity up to this time involves counteracting the
body’s inertial loads with the fixed base response. After the stepping motion begins, (just prior to step
off time) the response is beyond the scope of the current model as several segments (arms and legs)
begin moving. Figure 7 shows how the knee angle changes quickly after 0.8s as the foot is lifted off the
platform.

Figure 8: Angular rotation reponse for volunteers for High Acceleration Low Jerk Pulse.

The focus for the validation and model development is directed to the test data related to the
“rearward” pulses. This platform motion induces a forward fall and appears to involve more head
excursions in the passengers and is illustrated in Figure 9. The original position of the head before the
test was a similar distance to the vertical sled fixtures. The greater distance in the rearward (right)
figure is seen in Figure 9. A review of the maximum head excursions recorded with the motion
capture system indicated that the subjects exhibited more total head excursions during the rearward
pulse and thus have a higher risk of impact with interior structures.

Figure 9: Comparison of Foreward (left) and Rearward (right) test pulses

The validation of the VIVA+SP was conducted using the interior tram model with generic tram
structures. The impact with these structures are not part of this validation as the injury prediction for
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VIVA+ is reported in other documents. The positioned dummy in a tram interior is presented in Figure
10.

z

y
x

Figure 10: Occupant position relative to interior reference obstacle.

Results
The first step was to create the muscle activation profiles to maintain an upright posture while
stationary. The hip and knee are not rigidly locked and this is seen in Figure 11. The simulation time
required 7 minutes on a standard laptop computer.

Figure 11: Upright posture resulting ankle, knee, hip rotation.

The equilibrium torque was used to initiate the simulation to determine active joint torques during
balance control during a low acceleration. This simulation illustrated how the slight asymmetries in the
body segment position about the sagittal plane produces lateral motion in the HBM as shown in high
braking event in the rearward direction as illustrated in Figure 12.
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Applied acceleration
pulse to vehicle

Figure 12: Motion of VIVA+ SP a) Start, b) End, c) Motion trace of head

The VIVA+ SP has shifted laterally due to muscle activity being applied through slightly different joint
geometries in the left and right lower extremities. Note that the joint loading descriptions (joint moment
time histories) are identical for both legs.
The full model response in terms of joint change in joint angles is presented in Figure 13 with the
corresponding test data presented in Figure 14. Note that the volunteers initiated a stepping motion
and one foot left the platform at 0.6 seconds. In the plot, the joint curves can be seen to follow the
same trend for both the simulation and volunteer response although the magnitudes are lower in the
simulation. This can be attributed to the limited simulation of ankle response. Continuous refinement of
the model will provide better agreement with test data.
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Figure 13: VIVA+ SP response for Low Acceleration Rearward Pulse.

Figure 14: Volunteer test data Low Acceleration Rearward Pulse.

As seen in Figure 12, the kinematics of the VIVA+ SP fall of the model to tram floor does not seem
realistic as there is no stepping response nor bracing or grasping actions of the arms and hands. Both
these actions would be expected of a human resisting the fall. A fully dynamic response of the upper
body is not possible in the current model unless many assumptions are made on the arm and shoulder
reactions. However, impacts with closer objects during the initiation of balance loss can be reasonably
simulated as shown in Figure 15.
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b)
a)
Figure 15: Adjusted Load Case 2: a) side view, b) top view at time of impact.

Discussion
The VIVA+ model has been enhanced with muscle activity to simulate a loss-of-balance event similar
to a standing passenger on public transport. Several challenges were identified: integrating the muscle
forces into the lower extremities of a standing HBM, simplifying the joint definitions to reduce
computational time while maintaining biofidelity, and most importantly, how to represent the
coordinated response of the human to a disturbance of their support.
The simplifications of the VIVA+ into the VIVA+ SP has not introduced undesired passive responses as
side-effects of the modifications. The positioning of the model into the representative volunteer posture
was defined symmetrically. However, the positioning process introduced minor asymmetries that result
in lateral motions of the model during a simulation of a braking/acceleration event. These motions are
not difficult to account for in future simulation of impacts with internal structures. The known trajectory
can be used to correctly position the model´s pre-simulation position needed to produce a desired
impact.
The use of the VIVA+ RSH was crucial for preparing the muscle response input for the model. Simulation
of a 1.5 second event with the full VIVA+ SH and a tram interior requires more than 36 hours with a
64 node cluster. The current model is using open loop control to match the volunteer responses based
on the kinematics and known EMG response. Future use of close loop PD controllers, as done by (Putra,
2020), requires optimisation procedures using the LS-OPT software. This approach is useful to calibrate
simulation models to experimental data but requires several full model simulation iterations, exceeding
50 simulations to derive 6 controller gains if full ankle, knee, and hip control is desired.
The current implementation involves only the ankle strategy response which can be satisfactory for
disturbances that cause forward falls. Volunteers all exhibited early ankle response with some hip
strategy motions in the first 500 -600 ms before initiating a step. The ankle strategy is insufficient for
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the load cases where a rearward fall develops as there is no reactive moments that can correct rear
falls purely with the ankle.
The reflexive response of a human is difficult to capture with just one controller. Muscle controllers for
bracing during braking as done by Östh (Östh, 2014) can be considered unidirectional as there is only
one type of response required. With standing passengers, the loading direction requires different
strategies and Robert (Robert, 2006) describes the different responses observed in forward and
rearward loads. This was also observed in the volunteer testing in VIRTUAL (Krašna, et al., 2021) where
different levels and timing of EMG responses were observed. This “switching” of control strategies is an
accepted description of the balance control process as discussed in (Kowalczyk, et al., 2012). The muscle
control system, be it open or close loop, can be implemented in LS-Dyna and can include dynamic
switching between the control method. In Open Loop control this is not an issue as the joint torques
are preprogramed and any switching is defined a priori. However, a closed loop control approach can
switch between PID Control functions (PIDCTL function in LS-Dyna) depending on the situation. This
means that both ankle and hip strategies can be implemented in the model as the current
implementation does not prohibited switching control strategies.
Full simulation of the whole body response was not attempted in this stage of the model development.
The upper extremity motions are complex and difficult to generalize with the different volunteer data
available. As presented by Xu (Xu, et al., 2021), even the lower extremities have different strategies
once the person switches from fixed base to moving base (stepping) responses.
The current implementation of the model simulates the passenger’s response in the first 400-600 ms.
When the step is initiated, the response space for the passenger expands and increases the uncertainty
of where the passenger will move as it becomes more difficult to characterise the response with simple
open or close loop models. The foreseen implementation of the full VIVA+ SP is to evaluate injury risks
due to impacts with interior objects when the passenger has no hand support and limited response
space, proposed to be no more than 1.3m in (Linder, et al., 2020). Using a model with reasonable
human response facilitates reasonable engineering solutions that do not need to be overly conservative
due to assumptions made on human response.
Conclusions
A model to evaluate standing passenger safety has been developed in the VIRTUAL project. This model
uses the VIVA+ pedestrian model as a base and enhances the functionality with muscle activity. The
addition of muscle actions allows for modelling the initial excursion of the HBM during a vehicle
manoeuvre and provides the first opportunities to model loss of balance incidents in public transport
vehicles. The use of a reduced model facilitated the development of joint moment histories that can be
used to control the model response and provide more human-like response to tools used to evaluate
personal safety.
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APPENDIX: Relevant Test Data From Krasna et.al. 2021
Test 1R: Hard Braking Pulse

Test 2R Low Acceleration High Jerk

Test 3R High Acceleration Low Jerk
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Ankle Responses
Test 1R: Hard Braking Pulse
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Test 3R High Acceleration Low Jerk
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Ankle Responses
Test 1R: Hard Braking Pulse
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