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Patient Motion Using a Computerized Leg
Brace in Everyday Locomotion Tasks
Roland Auberger, Michael Friedrich Russold, Robert Riener, Hans Dietl


Abstract— Exoskeletal systems are becoming a rehabilitation
standard of care for persons with lower limb paralysis. As
muscular dysfunctions affect a heterogeneous patient group, each
individual develops their own strategy to negotiate everyday
locomotion challenges. This paper introduces a microprocessor
controlled orthotic system that passively supports people with
lower limb paralyses in their everyday locomotion tasks while
incorporating the user as the highest control entity. A clinical
study with seven patients with a range of leg pareses investigated
the functionality and usage of the system while capturing the
mechanical stress on the device. Data from the knee joint was
recorded in locomotion tasks including level walking, ramp and
stair negotiation. For all patients the measurements demonstrate
that the motion for level walking was close to the motion of
healthy individuals. In other tasks, variations between the
patients were large with respect to motion kinematics, power and
torque requirements. As the control concept supported
individualized motion patterns, patients perceived the system
functionality as intuitive. The mechanically most demanding task
was stair descent with a peak torque of 1.47 Nm/kg and peak
dissipative power up to 2.67 W/kg. Intra-subject variability
makes prediction of movements and loads challenging.
Index Terms—ambulation, exoskeletons, gait,
actuators, orthotics, paralysis, pathologic walking
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I. INTRODUCTION

OMPENSATION for missing or reduced lower limb
motor function in patients with paralysis is an emerging
field of application for mechatronic systems. One
common and well investigated cause of lower limb paralysis is
spinal cord injury (SCI). According to the National SCI
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Statistical Center approx. 358,000 people in the United States
suffered SCI and have to cope with consequences such as
paralysis of the extremities. Every year another 17,700 people
are affected by SCI. The majority of the SCI cases (67.6%) are
neurologically incomplete [1]. In this patient group, there is
still residual sensory or motor function present. Improvements
in acute care, therapy [2] and neuroscience [3] will increase
the number of patients with residual muscle function. There
are various other causes of lower limb paralysis, where
residual function is quite common. As lower limb paralysis
often leads to secondary complications, such as neural and
muscular atrophy, or diseases of the circulatory or
musculoskeletal system [4], it is important to keep the patients
as active as possible. If voluntary muscle function is still
present, patients could use this residual function to avoid these
secondary complications. One option to aid people with
limited remaining functionality are exoskeletons. In the past
years numerous exoskeletons to support locomotion therapy
have been developed [5]–[9]. Some of them are already
commercially available and have opened new possibilities in
rehabilitation. These systems automate locomotion therapy,
and as they can be used in clinical as well as in home
environments, therapy dosage can be increased when
compared to conventional therapy approaches. Fully powered
exoskeletons provide external power for locomotion. Motion
can be controlled based on impedance control to follow a
predefined trajectory [10], [11], so even severely paralyzed
patients with no residual function in the legs can use them for
walking. For patients with residual muscle function “assist as
needed” control approaches are available [10]. With these
approaches patients are challenged to utilize remaining muscle
function for locomotion to prevent secondary complications
such as further progressing atrophy of the muscular system.
However, these systems are mainly designed for level walking
and therapy. They provide limited functional support in
everyday life. Recently there has been research on textile
exosuits that provide active power support for people with
muscle weakness [12]–[14]. Most of the currently used
orthotic systems are purely passive. These systems do not
require large batteries and actuators to provide external power.
Consequently, they can be designed smaller and lighter. Power
requirements are similar between exoskeletal and prosthetic
knee joints. Therefore the expected joint masses will be in the
same range. Actively powered prosthetic knee joints with
integrated power supply have a weight of at least 2.7 kg [15],
whereas the mass of common microprocessor controlled
passive prosthetic knee prostheses only lies between 1.2 kg
and 1.6 kg [16]. Hydraulic systems can provide high stiffness,
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Knee motion is modulated by a computer controllable
hydraulic damper which is connected to a lever arm
mechanism (cf. Fig. 1A). Because of the mechanism, the
relationship between knee angle  and resistive torque at a
given hydraulic force is nonlinear, as illustrated in Fig. 1B.
This results in a progressive torque/angle relationship at knee
angles below 22° flexion.
The hydraulic circuitry with two proportional servo valves
allows controlling knee flexion and extension independently.
This is an important safety feature, as the next phase of motion
(where the direction of motion reverses) can be accounted for
in advance. The setting time of the valves is not as critical as it
would be in direct control with only one valve. As an example,
the system would be ready to catch the patient in the case of a
stumbling during SWP extension without the need to set a
valve, because the flexion valve can already preset to a high
flexion damping at the beginning of SWP extension.
main electronics,
IMU and battery

frame, thigh attachment

knee angle sensor

knee flexion
lower leg attachment,
lever arm
linear hydraulics

hydraulic force
servo valves sensor

A
flexion

force and power with a high power/weight ratio [17],
especially if hydraulics is used as a passive damper only.
However, the control possibilities are limited. The motion
energy that is redistributed by resisting motion, or storing and
returning energy, has to be generated by the patient. This can
only work if there is some residual muscle function from the
user. The C-Brace (Ottobock, Duderstadt, Germany), a KneeAnkle-Foot-Orthosis with a microprocessor controlled
hydraulic damper, uses motion generated by the patient’s
residual muscle function to enable locomotion. In this work
patients using the C-Brace were observed during typical
locomotion tasks. Relevant pathologies in the presented study
were compression damages to the spinal cord (e.g. due to
slipped discs), damage of the nerve roots exiting the spinal
cord (peripheral nerve lesions), and neural diseases (polio and
neurofibromatosis). The goal was to evaluate the different
strategies developed by patients when negotiating challenges
of daily life when using the C-Brace, depending on their
individual medical condition. Additionally, the loads and types
of motion that will be imposed on the system by different
patients during activities of daily living were investigated, as
this knowledge is important for the design of the interface
parts.
It was hypothesized that, given a supportive tool like the CBrace which guarantees safety and enables locomotion, people
will develop motion patterns that are functional for their
individual needs, and that these individually developed motion
patterns will be similar to the natural motion patterns.
Another assumption was that there is a dependency between
the residual muscle function of the patients and the loads
imposed on the system: Patients with low residual function
would impose higher loads than patients with more residual
function, because the brace would have to compensate a
bigger part of the muscular function.

Knee torque at maximum hydraulic force

200

flexion

knee torque (Nm)

150

extension

II. MATERIALS
A. Brace System
The C-Brace system is a microprocessor-controlled knee
ankle foot orthosis (cf. Fig. 2) that passively controls the
user’s motion by dissipating energy at the knee joint. The
interface to the wearer consists of custom-made carbon fiber
shells that transfer the interaction forces between the brace and
the anatomical structures. To minimize the effect that
deformation would have on axes misalignment, the structural
components are built out of high stiffness materials such as
carbon fiber prepregs.
The system is designed for a patient weight of up to 125 kg.
Depending on the patient’s anatomical and physiological
condition, various design variations of the lower leg
component are possible, ranging from the employment of
standard orthotic ankle joints with adjustable range of motion
to custom-made composite springs in the shank section. This
composite spring can be used to store energy during roll over
in stance phase (STP) and release it in terminal stance to
support swing phase (SWP) initiation. More details regarding
the design variations of the C-Brace system can be found in
[18]. The “intelligent” part of the system is the mechatronic
knee joint, which is mounted on the lateral side of the brace.
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Fig. 1.
(A) Functional components of the knee joint unit (cover part
removed) with schematic of lever arm mechanism. (B) Diagram of maximum
achievable knee torque at maximum hydraulic force (9 kN). The dotted blue
line shows the achievable torque if the flexion and extension valve positions
are switched to accommodate for the reverse of piston motion at high knee
angles. Green arrows depict the relevant range of motion where the knee is
flexed during stance phase for typical activities.

The intrinsic mechanic property of the hydraulic damper
(velocity dependent force, and the possibility to independently
control knee flexion and extension) is favorable for the
application, because it provides high resistance in case of fast
movements (e.g. during stumbling). The nonlinear
transmission ratio of the lever arm mechanism provides an
angle dependent torque profile. This profile matches the
requirements for torque support during loading response in
stance phase of level walking, where knee flexion needs to be
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restrained [19]. Consequently there is no need to set valves
during STP of level walking, which facilitates system control.
The knee joint is a fully contained unit with integrated
sensors. Joint angle is measured by an array of hall sensors
that measure the displacement of a magnet mounted to the
mechanism. Hydraulic force is measured with strain gauges.
The main electronics incorporates a custom designed inertial
measurement unit (IMU) with 3-axis accelerometer and 3-axis
gyroscope, a slot for an SD Card for data logging, a real time
clock (RTC), a dual mode Bluetooth module for data
exchange and a Li-Ion battery. All sensor data are processed
with sampling frequencies of 100 - 500 Hz. A fully charged
battery provides more than 18 hours of power autonomy. The
Bluetooth link to an external PC is used only for data
acquisition and to set patient specific control parameters. For
details on the design of the C-Brace system please refer to
[18].
B. System control
The wearer’s motion is dynamically controlled by adjusting
the knee joint resistance. There are also other factors
influencing the user’s motion which depend on the individual
design of the brace. As an example, the properties of the ankle
joint (stiff, free motion, elastic) have a significant influence on
the system behavior. These parameters are defined when
building the brace and cannot be adjusted dynamically.
The knee joint is controlled by a state machine that is executed
on the built-in microcontroller. Signals are processed with an
update rate of 100 Hz during regular activity. As human force
control bandwidth is in the order of 20 to 30 Hz [20], the
control cycle frequency of 100 Hz is assumed to be perceived
as real time control. Sensor information is processed in each
cycle to control extension and flexion dampening of the
hydraulic knee joint unit. For walking activities, a proven
control paradigm from prosthetics [21], [22] was adopted. It is
based on the so called “default stance” principle which means
that most of the time the system is in a safe stance phase
mode, providing a high resistance against knee flexion in
order to stabilize the patient. This high resistance is also used
to provide a “yielding” support during ramp or stair descent
and sitting down. Only if the sensor information in the
“terminal stance” phase implies that the patient wants to
perform a swing phase during walking, is knee flexion
resistance reduced to enable “SWP flexion”. During SWP the
knee flexion is controlled to not exceed a predefined target
angle max. This should increase gait symmetry at different
speeds. In the final phase of SWP extension, right before the
initial contact, the flexion resistance can be set to a
particularly high level to increase stability in that critical
phase. During SWP all sensor signals have to follow
predefined patterns, otherwise “stumble” mode is activated to
provide stability to the patient in case of stumbling. Further
details on the internal state machine and gait phase detection
can be found in [18]. During the fitting process relevant
parameters of the orthosis were specifically adjusted for each
patient: STP flexion resistance, initial contact resistance, target
angle max of the swing phase controller, damping
characteristics at the extension stop min. As these parameters
are influencing system behavior in a pre-defined manner and
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are not changing after the initial setup process, the system
behaves foreseeable to the user. To ensure this predictability,
the system does not distinguish between different terrain
conditions. The C-Brace control paradigm exploits the fact
that there is a human in the loop, who is the highest control
entity of the system. The wearer does all the high-level control
and decision making, using the superior human capabilities for
terrain detection and path planning.
The user controls the system by shifting the center of mass
(COM) and thereby manipulating the ground reaction force
(GRF) vector, which is detected by the internal sensors for
knee angle, knee moment sensor and leg orientation (IMU).
The system behavior is, despite the complexity of the internal
sensors and control, totally predictable to the users, who will
learn to use the system during gait therapy. Consequently, gait
therapy is a key factor in the fitting process, having a major
impact on the capability of the end user to negotiate the
challenges of daily life. A positive side effect of the
predictable system behavior is that the user, after being
familiarized with the system, knows that he or she is in
control. This increases the acceptance of the system.

Fig. 2. System overview with human in the loop: Interaction of the C-Brace
system with the human brain and schematic of the most relevant states of the
internal state machine for locomotion tasks . Entry conditions for states:
stand:
knee extended
yield:
knee flexion velocity > 0, knee flexion moment > 0
terminal stance: knee extended, knee flexion moment < 0, leg rotates forward
SWP flexion:
knee flexion velocity > 0, knee flexion moment < threshold
SWP ext.:
knee flexion velocity < 0
init. contact:
knee reaches extension stop
stumble:
deviation of signals from predefined (expected) pattern
Green arrows visualize the state transition pathway for level walking without
stance yielding.
COM… Center Of Mass
GRF… Ground Reaction Force
F… knee flexion resistance
E… knee extension resistance

C. Test course

Fig. 3. Tests course overview.
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Measurements were performed on a test course (cf. Fig. 3) that
incorporates a level walkway with flat and uneven terrain, a
ramp with 16% incline, and stairs with 5 steps (height: 16 mm,
width: 290 mm). The ramp and stairs were equipped with a
handrail and a carpet surface on the floor to prevent slipping.
III. METHODS
A. Study conduct
Patient tests were performed in the framework of a prospective
pilot study. Recruitment and the conduct of the study took
place at Orthopädisches Spital Speising, Vienna, Austria and
Universitätsmedizin Göttingen, Göttingen, Germany. Only
subjects fulfilling the following criteria were included in the
study: unilateral or bilateral lower limb paresis or flaccid
paralysis, flexion contraction in the knee below 20°, knee
varus or valgus below 18° beyond anatomic neutral, body
weight between 45 kg and 100 kg, with all subjects older than
18 years and willing to use the provided orthosis. Exclusion
criteria were as follows: subjects with unstable medical
conditions, unstable bones or unstable spasticity, and subjects
with balance problems not related to paresis. All subjects
provided written informed consent before being included in
the study, which was approved by the local ethic committees
from Universitätsmedizin Göttingen (21/1/17) and the ethics
commission of the City of Vienna (16-271-0017). In total
eight subjects were enrolled in the study. The residual muscle
function was assessed by the principal investigators by manual
muscle testing using the Janda scale [23]. Table I sums up
details about patient pathologies.

Patient ID

P1

P2

P3

P4

P5

P6

P7

Days of
home use

121

236

240

343

315

352

317

Age (years)

24

51

65

62

40

74

67

Height
(cm)

180

163

161

149

161

170

176

82

74

85

45

60

80

78

left

right

left

both

left

left

right

PNL

PNL

Polio

NF1

Polio

SD

Polio

Weight
(kg)
Affected
side
Pathology

Muscular status (Janda Scale [21]) 0…no function

Due to logistic challenges, only seven of the eight patients
contributed to the measurement series presented in this work.
Patient pathologies were heterogeneous. P4 was the most
severely affected patient, with no residual function in both
legs, but very good trunk control and balance. P1 hardly had
any residual function in the left leg but normal function of the
right leg. P6 had good muscle strength, but his muscles were
not reliable and fatigued very quickly.
All patients were familiar with the system. They received
gait training during the fitting process, and used the system for
at least 121 days at home prior to the measurements. During
this time, they had the opportunity to develop their individual
strategies in negotiating their activities of daily life (ADLs).
B. Personalized brace setup
As mentioned in section II, the brace systems were built
individually for every patient. The design of the ankle joints,
as well as the control parameters for the knee joint, were
individualized. Table II sums up characteristic parameters of
the individualized braces for each patient.
TABLE II
INDIVIDUALIZED BRACE PARAMETERS
Ankle
plantarflex
control

Ankle
dorsiflex
control

STP flexion
resistance*

Initial contact
resistance*

P1

drop foot lift

dorsal stop

175

190

P2

drop foot lift

dorsal stop

158

185

P3

P5

elastic
L: elastic
R: elastic
drop foot lift

elastic
L: elastic
R: elastic
dorsal stop

170
L: 149
R: 155
185

185
L: 149
R: 155
200

P6

drop foot lift

---

160

160

P7

drop foot lift

dorsal stop

138

150

Patient
ID

P4

TABLE I
PATIENT CHARACTERISTICS

5…normal function

Hip
abd / add

R 5/5
L 0/3

R 0/0
L 5/5

R 5/5
L 1/3

R 0/0
L 0/0

R 4/5
L 1/4

R 5/5
L 4/5

R 4/4
L 5/5

Hip
ext / flex

R 5/5
L 1/0

R 2/1
L 5/5

R 5/5
L 1/3

R 0/0
L 0/0

R 5/5
L 0/4

R 5/5
L 5/5

R 3/3
L 5/5

Knee
flex / ext

R 5/5
L 0/1

R 2/2
L5/5

R 5/5
L 0/0

R 0/0
L 0/0

R 5/5
L 0/0

R 5/5
L 5/4

R 3/0
L 4/5

Foot
R 5/5 R 3/1
R 5/5 R 0/0
plant / dors
L 0/0 L 5/5
L 0/0 L 0/0
NF1… Neurofibromatosis Recklinghausen
PNL… Peripheral nerve lesion
SD … Slipped disc

R 5/5
L 2/1

R 5/5
L 5/4

R 3/2
L 5/4

4

* resistance values are internal set values for the damping for comparison.
200 corresponds to a blocked knee joint.

The target angle of the swing phase controller was set to 65°
for all patients.
C. Data acquisition
After several (3 to 7) familiarization rounds, the patients were
asked to walk around the course and negotiate the ramp and
stairs in both directions. Data from the knee joint was
collected by the integrated microprocessor with a sampling
rate of 100 Hz. It was transmitted to an external laptop PC
during the experiment, using the integrated Bluetooth link,
where it was recorded online. The acquired data included knee
angle, knee angle velocity, IMU data (thigh orientation, 3D
rotation, 3D accelerations), hydraulic force and valve
positions. To facilitate offline analysis, manual notes
concerning the patient’s path were taken during the
recordings. Additionally the patients were asked for their
subjective experience with the system.
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D. Data analysis
The collected data was analyzed using Matlab R2018b. Steps
were separated manually. Heel strike was defined as the
beginning of a gait cycle. For event detection a vertical
acceleration peak that typically occurs at heel strike was used.
As the steps were separated manually, the threshold value for
this peak was different for each patient. Additionally other
parameters, such as knee angle and knee torque transmitted by
the orthosis, were taken into consideration. Knee torque was
calculated from hydraulic force and knee angle using a
kinematic model of the joint mechanism. Therefore this value
only represents the torque transmitted by the brace system. It
differs from the overall knee torque if there is residual muscle
activity, because this activity cannot be measured. However,
this parameter represents the function (i.e. supportive moment)
of the brace. Analyzed activities included level walking on
even ground, ramp ascent and descent, as well as stair ascent
and descent. Data was labeled based on the notes taken during
the experiments. For negotiation of ramp and stairs, only steps
were considered where the patient was in the flow of walking.
The steps during the transition between the different situations
were discarded. Step data was normalized to the gait cycle and
averaged over several trials for each patient. Torque and
power data was normalized to the body weight of the patient.
IV. RESULTS
All seven patients were able to complete the course without
additional walking aids besides the orthosis. Handrails were
used at ramp and stair negotiation, mainly for safety reasons.
Some of the patients used the hand rails for propulsion when
ascending stairs or ramps. In an interview that was performed
in the course of the study all patients stated that use and
control of the system was perceived as intuitive. They also
stated that they felt well supported by the system during all
activities, although the strategies to negotiate certain situations
varied between the patients.

5

average stride time is 1.74 ± 0.37 s, which is 26% longer
compared to the healthy reference group (1.38 ± 0.16 s, [24]).
Average stride time for stair ascent (1.63 ± 0.5 s) was
comparable to the healthy reference group (1.67 ± 0.15 s,
[24]). As can be seen in Fig. 4, there were considerable
differences between individuals.

Fig. 5. Parametric plot of knee angle and knee flexion torque averaged over
all patients in selected activities; dotted line: level walking, dashed line: ramp
descent, solid line: stair descent. The arrows symbolize the temporal aspect of
the movement. The zoomed area (top left) gives details for stance phase
flexion and extension during level walking. The colors represent the support
state of the knee joint; green: high flexion resistance, red: low flexion
resistance, orange: SWP target angle control, blue: extension control. The area
enclosed by the curves represents the dissipated energy during the gait cycle.

The main functionality of the system is to support the patient
against gravity. This is especially relevant for level walking as
well as ramp- and stair descent (cf. Fig. 5). In level walking a
stance phase flexion is followed by a stance phase extension.
In swing phase knee flexion angle reaches high values, but the
knee flexion torque stays low because the control of the
system has set the hydraulic resistance to a minimum level.
During ramp descent and stair descent the hydraulic cylinder
provides a high amount of damping over a large range of knee
flexion, which results in large knee torques generated by the
brace during the movement.
A. Level walking
As summarized in Table III, differences in timing, and
maximum knee flexion angle max in SWP were observed.
TABLE III
CHARACTERISTIC MEASUREMENTS FOR LEVEL WALKING

Fig. 4. Individual stride time for the patients for level walking (LW), stair
descent (SD), stair ascent (SA), ramp descent (RD) and ramp ascent (RA).
Reference data obtained from the literature [24] was only available for LW,
SD and SA.

Average stride time over all the patients during level walking
was 1.26 ± 0.16 s, which is only 15% longer than the average
stride time for healthy individuals at natural walking speed
(1.10 ± 0.10 s) obtained from literature [24]. For stair descent,

Patient ID

P1

P2

P3

P4

P5

P6

P7

Ref.*

max in SWP

34°

56°

32°

65°

42°

62°

54°

59°- 62°

Tigh ROM

42°

44°

37°

55°

40°

41°

48°

42°- 43°

timing normalized to the gait cycle (%GC)
start of SWP
flexion
SWP duration

49

49

60

46

51

52

47

49 - 51

33

46

29

50

38

42

44

45 - 48

min. tigh angle

50

51

58

49

53

54

49

52 - 53

max. tigh angle

98

86

93

87

95

86

83

87 - 88

* Reference: healthy individuals [24], ranges are mean ± standard deviation
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6

Fig. 6. Averaged results of the patient measurements at the knee joint in different locomotion tasks. The dotted lines represent average measurements for the
individual patients represented by different colors. Thick lines show average values over all patients, shaded areas visualize standard deviation between the
patients. The grey shaded area symbolizes healthy subjects reference data obtained from the literature [24]. Knee torque is positive for knee flexion, positive
values for thigh orientation correspond to thigh flexion. The reference values for “thigh orientation” are “hip flexion” values in [24], so they can only be
qualitatively compared. Positive values for “thigh orientation” correspond to hip flexion. The stairs in the reference measurements only had 2 steps, so the
motion was different because the subject was not in the flow of walking. Please note that in the reference measurements the subjects started ascending the stairs
with the instrumented leg prepositioned on the first step. Nevertheless, these data give base for comparison. Reference data was not available for ramp descent
and ascent.

Knee flexion Torque during stance phase flexion can be as
high as 0.39 Nm/kg, with considerable variation between
patients. It is important for the control paradigm to have a
negative (extending) knee moment before SWP initiation,
because the system only switches to SWP mode if this
condition is met. The power dissipated by the system in STP is
low compared to power dissipation in SWP, because there is
only small (and, therefore, comparatively slow) motion in the
knee joint during STP. Hip movement (represented in the
measurements through thigh orientation against the vertical
line) is for all patients similar to the motion of the healthy
reference group. The offset in the data (cf. Fig. 6) can be
explained with differences in the measurement method. The
reference data provides the hip angle (trunk vs. thigh),
whereas the measurement data shows the orientation of the
thigh against a vertical line, which is also influenced by the
brace alignment. By qualitatively comparing the measurement
data with the reference data, it is assumed that the upper body
stays vertical throughout the movement. Table III sums up
characteristic measurements during level walking for
comparison with reference data. To characterize thigh motion,
the range of motion (ROM) is observed to compensate for
offset in the data.

B. Stair descent
This activity is characterized by a long phase (approx. 75 % of
the gait cycle) with knee flexion under load with peak torques
up to 1.47 Nm/kg. Maximum knee angle was 81°. Knee torque
and power transmitted by the orthosis reach the highest values
in this activity with peak dissipative power up to 2.67 W/kg.
Descending stairs requires the highest support from the system
in terms of knee torque and dissipative power. For safety
reasons all patients used the hand rails.
C. Stair ascent
The data obtained when patients were walking up the stairs is
heterogeneous between the patients. Hand rails were used for
stabilization and propulsion. Based on their abilities the
patients developed various strategies to master that situation:
1. Step up with the contralateral side and set the stretched leg
behind on the same platform. The knee stays essentially
straight with that strategy, extension loads up to -0.2
Nm/kg occur in stance phase. This strategy was used by
P1, P3 and P5.
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V. DISCUSSION

cases. The users developed individual techniques to negotiate
certain situations, based on their personal capabilities. The
concept of using the brain of the user as the highest control
entity in the system allowed for the adaptation. It was
expected to see a dependency between the muscular status of
the respective user and the loads imposed on the system, but
that was not the case. As an example, for the patient with the
least residual muscle function (P4), only low torque values
were measured during all activities, although she fully relies
on the system and would not be able to walk without the
brace. On the other hand P6, who had good residual muscular
function, required considerable torque support during ramp
and stair descent. Similar observations were made with the
other patients. Geometric factors (contractures, orthosis
alignment), the individual preferences regarding level of
support, as well as balance skills seem to play an important
role. All these factors have to be taken into account when
designing a supportive system for a particular patient.
Although the patients had to negotiate realistic tasks in the
experiment, the environment was constrained and very well
defined. In real life the patients usually would not concentrate
as much on the locomotion task and there will be more
variance in the surface and terrain. Therefore the imposed
loads on the system might be higher, especially at exceptional
events, as was investigated in [18].
The mechanism with the hydraulic damper can provide a
high amount of torque and dissipative power in a short period
of time. The other side of the coin: As the system is passive, it
cannot provide power assistance in activities where the user
wants to work against gravity, such as ascending stairs or
ramps. Nevertheless all patients were able to master those
tasks, indicating that an active system may not always be
necessary.
The combination of load and motion is a challenge for the
design of the structural components of the brace, especially for
the interface parts to the patient. Misalignment between the
anatomical axes and the axes of the supportive system must be
avoided, because it would lead to tangential forces in between
cuffs and leg [28], resulting in relative motion. This would
ultimately lead to skin problems. To achieve a good
transmission of the interaction forces, and thus reduce stress to
the user’s skin, the shape of the interface parts should match
the shape of the patient’s leg. As deformation of the interface
parts is critical, these parts must be designed to be very stiff.

As the first orthotic device that allows knee flexion under
load, the C-Brace system offers new functionalities to the
users. Using a previous version of the system, this has been
investigated from a biomechanical standpoint by Schmalz et
al. [25]. However, due to a lack of internal sensors in their
system, they could not evaluate the loads imposed on the
system during regular use. This is crucial information for the
design of future devices, especially because of the current lack
of standards to provide guidelines regarding mechanical
stability. Johnson et al. tackled that problem by performing
gait analysis with a large number of patients [26], but only
collected data during level walking with simple mechanical
systems. Modern orthoses can do more [27], allowing patients
to use the provided support in different ways. The results
presented in this work give an impression of the torque,
power, and range of motion requirements for a variety of use

A. Level walking
Level walking is the most important locomotion task in terms
of expected cycle numbers. Long term observations of patients
using the C-Brace system showed that some patients make
more than 3700 double steps per day on average [29].
During level walking system behavior was consistent between
the patients, and qualitatively similar to the motion pattern
performed by healthy individuals. This observation was also
made by Schmalz et al. [25]. It aligns with the hypothesis
regarding motion patterns. As can be seen in Table III, the
timing of SWP initiation, the maximum knee angle in SWP, as
well as timing and amplitude of thigh motion are similar to the
reference values from healthy users for most of the patients.
Most of the differences occurred in the amount of knee flexion

2. Step up with the contralateral side, initiate SWP before the
affected leg is lifted up. This strategy was used by one
patient (P7). The brace reached 61° knee flexion in SWP
allowing for more toe clearance when the leg is lifted up
the stair.
3. Initiate SWP and first position the more affected leg on the
next step, then position the contralateral leg on the
following step (like a healthy individual) by using the
handrail and contralateral calf muscles (jump). The CBrace supports this strategy by allowing knee extension
but at the same time providing resistance against knee
flexion. This leads to high knee flexion angles up to 74°
and flexion torque peaks up to 0.25 Nm/kg that occur
when the patient uses the flexion support function of the
brace in the late phase of the gait cycle. This strategy was
used by P2 and P6.
4. Some patients (like the bilateral P4) negotiate the stairs with
almost stretched legs, using hip abduction, trunk rotation
and the handrail to move upward. Therefore, they had
flexion loads with corresponding knee flexion in the first
part (approx. 50%) of the gait cycle.
D. Ramp descent
This activity is similar to “stair descent”, but the measured
values were lower, with peak flexion torques up to 0.88
Nm/kg, resulting in knee flexion angles up to 64°. One patient
(P5) made very small steps with only 14° maximum knee
angle. The same patient also had a low and delayed peak knee
flexion in stair descent. Hand rails were used for safety
reasons.
E. Ramp ascent
Results for ramp ascent look similar to the results for level
walking, with slightly lower knee angle amplitudes (27° to
58°) and less stance phase flexion. Knee flexion torque is
shifted towards more extension with peak extension moments
up to -0.38 Nm/kg. Hand rails were used mainly for safety
reasons and to support propulsion.
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in the loading response phase (0% - 40% of the gait cycle). In
this phase the individual safety requirements play an important
role. Some patients did not like the knee flexion in stance
phase, because they were conditioned to always have an
extended knee from prior fittings. Consequently STP knee
flexion made them feel unsafe. For other patients the knee
flexion had to be blocked at initial contact because of their
pathology: They would not be able to extend the leg again
because of lack of walking dynamics.
Although the power at the knee is low in STP, the torque is
comparatively high, which means that the system is mainly
loaded statically. However, as the expected number of load
cycles is high, this loading situation should be considered in
the design of supportive systems. Power dissipation in SWP
comes mainly from the residual resistance of the hydraulic
unit during fast motion of the leg. There is room for
improvement to reduce residual friction.
B. Stair descent
In the beginning walking down stairs was a big mental
challenge for the patients, because they must totally rely on
the supportive system. After some training all patients
managed this task intuitively, and as the measurements were
performed weeks after the initial fitting, the patients were
proficient in this task. The stride time for descending stairs
was considerably longer compared to the healthy reference
groups, which indicates that the patients still perform the
motion rather carefully. The motion pattern is similar between
patients: They “ride” the brace down the step. The torque
generated by the hydraulics increases with flexion velocity
and therefore limits the knee flexion speed. The load and
power requirements are high in this activity; consequently
stair descent must be taken into consideration when designing
a supportive system, although the number of expected cycles
is considerably lower than for level walking.
Compared to the reference data from healthy individuals all
maximum values were lower, and a shift in timing can be
observed. The deviation in timing can be explained by the
different states of walking flow. The subjects in the reference
measurements performed only two steps in their experimental
setup, so starting and stopping of motion might have an
influence there, while the C-Brace patients were in the flow of
walking down a longer sequence of stairs.
C. Stair ascent
The motion patterns during stair ascent were extremely
diverse between the patients. All patients used the handrail not
only for safety reasons, but also to support forward
propagation and pull the body up to the next step. Most of the
patients were only climbing one step at a time, only P2 and P6
climbed the stairs in an alternating manner. The high
variability in motion patterns can be explained by the fact that
the system does not actively support this activity, so the
patients had to be more creative with their strategies to
negotiate that task.
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D. Ramp descent
Similar to “stair descent” for the patients walking down a
ramp is mainly a matter of trusting the supportive system.
Once they built the trust and rely on the knee flexion control
provided by the damper, all users could master this task. As
the amount of motion and loads are lower than for “stair
descent”, this task only plays a minor role for the design of
supportive systems.
E. Ramp ascent
Most of the patients used the handrail during ramp ascent to
support propulsion. In general, the motion pattern was similar
to level walking. Stride time was only slightly longer than in
level walking for most of the patients. Patients who were only
paralyzed on one side could manage that task easily, only the
step length with the affected leg was shorter. The bilaterally
affected patient (P4) developed a technique where she leaned
forward extremely; the COM was shifted anteriorly, so
principally she was falling forward but with her excellent
balance she could control the motion, so her legs were
basically following her body.
VI. CONCLUSION
P4 demonstrated that even patients with severe leg paralysis
can use the functionality of a passive system. The predictable
system with a simple state machine control was functional for
the users. They utilized the system in their daily life like a
tool, doing all the high-level adaption to different situations by
themselves. “Intention detection” in terms of adapting the
system control to different activities was not necessary.
However, there is potential to further optimize system control
in order to better support individual patient strategies.
Consistent with the hypothesis, the motion patterns of the
users were qualitatively similar to natural motion of healthy
users during level walking. For other activities supported by
the system like stair negotiation individual techniques were
developed. The energy exchange between the supportive
device and the user’s leg is substantial, with high torques
during motion, but also high intra-subject variability. The
assumed relationship between the patient’s muscle status and
the loads imposed to the system could not be observed, which
makes the prediction of loads and motion challenging.
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