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Increasing Impact by Mechanical Resonance for
Teleoperated Hammering

Manuel Aiple, Jan Smisek, and André Schiele

Abstract—Series elastic actuators (SEAs) are interesting for usage in harsh environments as they are more robust than rigid
actuators. This paper shows how SEAs can be used in teleoperation to increase output velocity in dynamic tasks. A first experiment is
presented that tested human ability to achieve higher hammerhead velocities with a flexible hammer than with a rigid hammer, and to
evaluate the influence of the resonance frequency. In this experiment, 13 participants executed a hammering task in direct
manipulation using flexible hammers in four conditions with resonance frequencies of 3.0 Hz to 9.9 Hz and one condition with a rigid
hammer. Then, a second experiment is presented that tested the ability of 32 participants to reproduce the findings of the first
experiment in teleoperated manipulation with different feedback conditions: with visual and force feedback, without visual feedback,
without force feedback, and with a communication delay of 40 ms. The results indicate that humans can exploit the mechanical
resonance of a flexible system to at least double the output velocity without combined force and vision feedback. This is an unexpected
result, allowing the design of simpler and more robust teleoperators for dynamic tasks.

Index Terms—Biomechanics, force feedback, human performance, telemanipulation.

F

1 INTRODUCTION

T ELEOPERATION is classically desired to be performed
with a transparent system [1]. This is often realized by

using mechanically stiff devices. While this is advantageous
for precision, it is an issue for dynamic tasks, where high
impacts can be experienced during contact, such as in harsh
environments in search and rescue missions [2], explosive
ordnance disposal [2], nuclear research maintenance [3],
teleoperated forestry [4], or underwater robotics [5]. A stiff
robot experiences high shock loads on impact, which can
damage the robot’s gears [6]. Series elastic actuators (SEAs)
promise higher mechanical robustness [6], but their usage
for precision [7] and high-impact tasks in teleoperation still
requires research.

One interesting feature of SEAs is the possibility to
maximize power transfer from an operator controlling a
handle device (“master device” in teleoperation literature)
to a tool device (“slave device”), if the mechanical resonance
intrinsic to SEAs is well exploited during the movement. By
“exploit” we mean sense and utilize the system’s resonance
frequency and excite it to achieve maximum power transfer
and maximum output velocity. Until now, there have been
only a few studies on maximum power transfer in SEAs,
with the focus on designing fully automatic control laws [8],
[9], [10].

However, to the knowledge of the authors, the fol-
lowing three questions have received little attention in
previous research. 1) Can humans sense and identify the
resonance frequency of SEAs? 2) Within which resonance
frequency/stiffness range can humans sense the resonance
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Fig. 1. This study is part of a research project aimed at developing
methods to allow the execution of human real-life dynamic tasks, such
as hammering (left) using a teleoperation system with an SEA tool
(right). Mechanical compliance, which is inherent to human muscles, is
achieved through a spring in the robotic tool.

frequency and tune their motor actions to the timing re-
quired to exploit SEAs for maximum power transfer? 3)
What type and quality of feedback should be given to
humans to exploit SEAs for maximum power transfer? An-
swering these open questions will enable the design of new
teleoperation systems with variable stiffness tool actuators
with the objective of allowing not only precise positioning,
but also the performance of high-impact tasks.

The aim of the present study was to explore these ques-
tions experimentally by having human operators execute a
hammering task with a haptic teleoperated single degree
of freedom hammering apparatus. To this end, two experi-
ments were conceived. The first was designed to investigate
the first two questions above and to determine: a) the
influence of frequency/stiffness on human performance in
exploiting SEAs for maximum power transfer, b) the degree
to which humans can achieve the optimal excitation timing
(see section 2 for a definition of the optimal timing), and c)
the practically achievable output velocity to input velocity
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amplification. We will explain in the following section how
a flexible system can achieve a higher power transfer than
a rigid system. The second experiment was designed to
approach the third question by quantifying the dependence
of the human manipulation of flexible tools concerning the
availability of visual and force feedback, as well as their
sensitivity to the presence of time delay.

In both experiments, hammering was selected as the ex-
perimental task, as the principles are generally known and
the task itself can be simplified to one degree of freedom.
It might seem paradoxical to use an elastic hammer, which
can less effectively transmit forces through the handle to
the hammerhead. However, the primary objective of ham-
mering is to transform kinetic energy into mechanical work
by the impact. The effect of the force transmitted through
the handle during the impact is negligible in comparison.
Consequently, typical hammers have longer handles to ob-
tain high hammerhead velocities (while keeping the same
hand velocity). Furthermore, hammers in practice are held
loosely at the moment of impact to reduce the shock load to
the hands and arms. The same principle is applied in power
machines, such as pile drivers, jackhammers, and hammer
drills, where the hammerhead is either running free during
the impact or is only loosely coupled to the actuator.

We advocate that hammering with an elastic hammer
could have a double benefit for teleoperated hammering: 1)
an elastic hammer could achieve a higher impact velocity
than a rigid hammer with the same velocity of the tool
actuator and 2) the shock loads to the tool actuator could be
reduced. Such a system could provide a better performance
and have a longer lifetime without requiring more powerful
actuators or stronger mechanical structures.

2 INCREASING IMPACT WITH A FLEXIBLE HAMMER
BY MECHANICAL RESONANCE

2.1 Modeling of the Rigid and the Flexible Hammer

The following explanations are illustrated with a linear
mass-spring-damper model instead of a rotational mass-
spring-damper model, as the equations are the same for
linear variables and their rotational equivalents. The transfer
function Hrigid(s) of a mass m > 0, exposed to viscous
damping b > 0, as illustrated in Fig. 2a, is trivially described
in the Laplace domain by

(1)Hrigid(s) =
Vrig(s)

Vin(s)
= 1 ,

with Vin(s) and Vrig(s) the Laplace-transformation of vin(t)
and vrig(t), which are the input velocity and the velocity of
the rigid hammer.

The transfer function of a mass-spring-damper system
with stiffness k > 0 as modeled in Fig. 2b is obtained from
the equality of forces acting on the mass m as

(2)(sm+ b) Vflx(s) = −1

s
k (Vflx(s)− Vin(s)) ,

with Vflx(s) the Laplace-transformation of vflx(t), which is
the velocity of the flexible hammer, resulting in

(3)Hflexible(s) =
Vflx(s)

Vin(s)
=

k

s2m+ s b+ k
.

The resonance frequency f0 is the frequency f for which
the magnitude ofHflexible(s) is maximized. This is obtained
by solving the minimization problem of the denominator:

(4)min
s
‖s2m+ s b+ k‖ ,

with the Laplace variable s = j ω, and the angular frequency
ω = 2π f > 0. Equation 4 is solved by the resonance
frequency

(5)f0 =
1

2π

√
k

m
− b2

2m2
.

Because the term under the square-root has to be positive
for f0 to have a real value, the criterion for resonance to
occur is

(6)b <
√

2 km .

In the following, we assume that this condition is satisfied
and that b �

√
2 km. The equation for the resonance

frequency can be then simplified to

(7)f0 ≈
1

2π

√
k

m
.

2.2 Exploiting Mechanical Resonance for Increased
Output Velocity
The frequency-domain responses and time domain re-
sponses of rigid and flexible hammers can be analyzed
in detail using equations 1, 3, and 7: Fig. 2c shows the
velocity transfer function magnitudes of the rigid hammer
‖Hrigid(s)‖ and the flexible hammer ‖Hflexible(s)‖ over the
frequency f . ‖Hrigid(s)‖ equals 1 for all frequencies, mean-
ing that the amplitude of the output velocity vrig(t) of the
rigid tool always equals the amplitude of the input velocity
vin(t). However, ‖Hflexible(s)‖ is considerably greater than
1 for frequencies around the resonance frequency, meaning
that the amplitude of the output velocity vflx(t) is much
higher than that of the input velocity vin(t) at these frequen-
cies. Only for excitation frequencies considerably higher
than the resonance frequency (for frequencies greater than
approximately 1.5 f0), is the output velocity of the flexible
tool lower than the input velocity.

Fig. 2c shows that the excitation frequency should be as
close as possible to the resonance frequency f0 in order to
achieve the highest velocity with a flexible hammer. This
holds for a periodic motion, as well as for a motion with
only one reversal of motion, like a single hammer strike, as
will be analyzed next.

2.3 Implications of Mechanical Resonance for Ham-
mering with a Flexible Hammer
The principle of hammering is to impact a hammerhead on
a target with maximal kinetic energy Ek. Ek depends on the
mass of the hammerhead m and its velocity v (equal to vrig
for the rigid hammer or vflx for the flexible hammer), as

(8)Ek =
1

2
mv2 .

Fig. 2d shows the velocity response in the time domain
to a hammering motion at the resonance frequency of the
flexible hammer compared to the response of the rigid ham-
mer driven by the same velocity source (the input velocity
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Fig. 2. Comparison of rigid hammer and flexible hammer driven by an ideal velocity source: (a) rigid hammer model, (b) flexible hammer model,
(c) velocity transfer function magnitude plot, (d) velocity response to a hammering motion in the time domain until impact (vertical black line), (e)
energy response to a hammering motion in the time domain until impact (vertical black line). m is the mass of the hammerhead; b is the damping
factor; k is the spring stiffness; vin is the source velocity; vrig and vflx are the velocities of the rigid and the flexible hammer, respectively; f0 is the
resonance frequency; Hmax = max |Hflexible(s)| is the maximum gain of the flexible hammer; T0 = 1/f0 is the resonance period; v̂rig and v̂flx
are the peak velocities of the rigid and the flexible hammer; G = v̂

v̂in
is the velocity gain, with v̂ = v̂rig for the rigid hammer and v̂ = v̂flx for the

flexible hammer; f is the excitation frequency; Êrig and Êflx are the peak energy of the rigid and the flexible hammer, respectively.

is equal to the velocity of the rigid tool and therefore not
displayed in the plot).

In the following, we will refer to the motion profile
depicted in Fig. 2d as one strike. The strike starts with a
backward motion (negative velocity) followed by a forward
motion (positive velocity) until the peak, marked by the ver-
tical line. The peak should coincide with the impact when
hammering on a target. The reversal of motion direction has
to occur after half the resonance period T0 for the excitation
frequency f to match the resonance frequency f0. We refer
to this as the optimal timing:

(9)T ∗ =
T0
2

=
1

2 f0
= π

√
m

k
.

Hence, the ability to accurately time the reversal is critical
to achieve maximum impact with a flexible hammer.

Fig. 2e shows the energy increase in the flexible hammer
compared to the rigid hammer during one strike. While
the energy of the rigid hammer consists only of the kinetic
energy Ek, the energy of the flexible hammer equals to the
sum of the kinetic energy and the potential energy in the
spring Ep:

(10)Ep =
1

2
k∆x2 ,

with ∆x being the spring deflection. If the excitation fre-
quency equals the resonance frequency, the kinetic energy
of the hammerhead is fully transferred into potential energy
of the spring during the reversal of motion and back into
kinetic energy during the forward swing motion, thereby
achieving the highest kinetic energy on impact. Thus, excit-
ing the mechanical resonance of a flexible hammer increases

the power transferred to the hammerhead, which results
in a significantly increased peak velocity and peak energy
compared to a rigid hammer driven by the same velocity
source.

3 EXPERIMENT 1: DIRECT MANIPULATION

Experiment 1 was previously presented in more detail in
[11]. The results were reprocessed in this study to allow for
a comparison with the results of Experiment 2 (described
later in Section 4).

3.1 Hypothesis
The following hypothesis was formulated for the direct
manipulation experiment:

Hypothesis H1: Humans can exploit the elasticity of a flexible
hammer in direct manipulation to maximize power transfer
in a strike, and to achieve higher output velocity than with
a rigid hammer.

3.2 Conditions
Five hammer stiffness conditions were used (with cor-
responding resonance frequencies): 0.62 N m/rad (3 Hz),
2.3 N m/rad (4.8 Hz), 4.1 N m/rad (6.9 Hz), 11 N m/rad
(9.9 Hz), and rigid (stiffness higher than 10 000 N m/rad and
resonance frequency higher than 300 Hz). The conditions are
denoted in the text using the resonance frequency (deter-
mined through system identification measurements [11]).
The stiffness settings were chosen based on a pilot study,
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Condition . . . . . . . . . . . .

Training
100 trials

Performance
20 trialsBreak

10 Highest Gain Trials

bx = median(x)

Instructions Break Break Break Break

Fig. 3. Experimental procedure of Experiment 1.

where for stiffness settings below 0.62 N m/rad, pilot par-
ticipants reported that they did not get the impression that
they were creating any impact. For stiffness settings higher
than 11 N m/rad, pilot participants reported not being able
to distinguish between flexible and rigid hammer extension.

3.3 Participants
The experiment was performed by 13 participants (8 male,
5 female, 12 righthanded, 1 ambidextrous, age 21-41). The
participants were researchers and project engineers with a
higher education background. None of the participants had
prior experience with the experiment. The experiment had
been approved by the human research ethics committee of
TU Delft and all participants gave written informed consent
before participation.

3.4 Experiment Procedure
Fig. 3 visualizes the experiment procedure. The partici-
pants received verbal task instructions and then conducted
100 training trials followed by 20 performance trials per con-
dition. The order of conditions was randomly selected for
each participant. Between training trials and performance
trials, there was a short break (approximately 1 min) to
download the data and between two conditions there was
a break to download the data and change the spring of the
flexible hammer extension (approximately 5 min). Only the
trials conducted in the performance phase were used for the
analysis.

3.5 Experiment Apparatus
An apparatus was designed for this study to enable the
performance of a one degree of freedom flexible hammer-
ing task in either direct or teleoperated manipulation with
identical handle and tool devices (see photos in Fig. 4 as well
as the illustration in Fig. 5). Although the required motion
of the operator is different from hammering with a conven-
tional hammer, the authors believe that the setup provides
good insights into how humans interact with flexible tools
in general. The teleoperation system used in Experiment 2
is explained in more detail in Section 4.

The handle device and the tool device had a one degree
of freedom rotational actuator with torque sensor, driven
by a 70 W brushless DC Maxon EC-max 40 motor with
gear and capstan drive (total gear ratio 35:1). It was a

(a) Direct manipula-
tion

(b) Teleoperated manipulation

Fig. 4. Experimental apparatus used for the two experiments.

modified version of the setup described by Rebelo et al.
[12]. The hammer consisted of a 115 g hammerhead (similar
to light commercial hammers) attached to the output shaft
of the tool device through an exchangeable extension in
such a way that the distance between rotation axis and
hammerhead center of mass was 150 mm. The extension
consisted of either a leaf-spring or a rigid extension of the
same length. For simplification, linear behavior of the leaf-
spring was assumed in general. However, the methods used
for data processing and analysis did not require linearity
of the spring. The handle device and the tool device were
mounted on separate mechanical structures to prevent any
vibrations from being propagated from the tool device to
the handle device.

A handle for the operator was mounted on the output
shaft of the tool device or handle device with a distance of
183 mm between rotation axis and handle tip. In the direct
manipulation configuration, the handle was mounted to the
tool device and there was a mechanical coupling between
the handle held by the operator and the hammer. In this
configuration, the motor of the tool device was decoupled
from the capstan drive to reduce friction.

In the teleoperated manipulation configuration, the han-
dle was mounted on the handle device and the tool device
was driven by the motor controlled by the four-channel
bilateral teleoperation controller running at 1 kHz (see sec-
tion 4.5). At the same time, force feedback was provided to
the operator through the motor on the handle device side,
which was also controlled by the teleoperation controller.

A mass of 1 kg served as the target to be struck by the
flexible hammer. It was suspended in such a way that it
could be struck by the hammer and provide the participants
with a simple visual impression of the impact energy: The
greater the impact energy, the higher the target swung after
the impact.

3.6 Experiment Task

The task for both experiments was identical: a one degree
of freedom flexible hammering task. The motion should
consist of one hammer strike per trial consisting of one
backward swing followed by one forward swing. The goal
of the task for the participants was to find the best timing for
achieving maximum impact with least effort, while using
a similar effort in every trial and focusing primarily on
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Experiment 1: Direct Manipulation Setup

Rigid or Flexible
Extension

Handle

Hammerhead
(m = 115 g)

150 mm

183 mm

String
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Motor
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Experiment 2: Teleoperated Setup

Hammerhead
(m = 115 g)

Torque
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Torque
Sensor
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Mass
(m = 1 kg)

150 mm

Teleoperation Controller

Fig. 5. Schematic view of the setups for Experiment 1 and Experiment 2. In Experiment 1, the handle is mounted on the same rotating axis as
the hammer. In Experiment 2, the handle is mounted to the handle device, whereas the hammer is mounted to the tool device. Handle device and
tool device are coupled by a four-channel teleoperator. They are fixed to separate frames to isolate the vibrations between tool device and handle
device.

the timing of the change of direction of motion. It was
communicated to the participants that what was important
was the velocity gain, not the absolute energy in the impact.
In other words, the task instructions were explicitly formu-
lated with the emphasis on the velocity gain and timing
for resonance, because during pilot studies participants
had tended to put all their effort into achieving maximum
impact, thereby quickly suffering fatigue without utilizing
the resonance (which was not in accordance with the goal
of the experiment).

3.7 Data Acquisition
The positions of the tool device joint and hammerhead were
tracked simultaneously using one Vicon motion capture
system at a sampling rate of 1 kHz. To this end, reflective
markers were attached rigidly to the actuator joint and to
the hammerhead. This way, all relevant data was acquired
by the same system and inaccuracies through the measure-
ment method were reduced. In the post-processing, these
positions were transformed into polar coordinates, the an-
gular velocities of joint and hammer were derived, and the
individual trials were segmented and synchronized in such
a way that the moment of impact was at time t = 0 s [11].

3.8 Dependent Measures
Three dependent measures, listed in Table 1, were used to
compare the hammering task performance. As illustrated in
Fig. 2d, the measures were extracted from the time domain
data as following for each segment (cf. [11]). The peak joint
velocity v̂in and peak hammerhead velocity v̂ were obtained
by calculating the maximum of the joint velocity vin and of
the hammer velocity v before the impact. The gain G =

v̂/v̂in was calculated as the ratio of peak joint velocity to
peak hammerhead velocity. The excitation frequency f =
1/(2 · T/2) was calculated from half the period T/2, which
was calculated from the time between the minimum and the
maximum of the joint velocity vin.

It was decided to use the peak velocity as measure in-
stead of the impact velocity, which might be different, as the
primary research question of this study was how to exploit
mechanical resonance and therefore the peak velocity is
more relevant than the impact velocity. In practice, the peak
velocity of a given velocity profile can be made to occur at
the impact position by adapting the start position.

The peak hammer velocity v̂ measured the achieved
result and gave an indication of the effectiveness of the
task execution. The dimensionless gainG gave an indication
of the energy efficiency of the task execution and was the
primary measure to be maximized. The excitation frequency
f was used to assess whether the participants tried to sense
and excite the mechanical resonance of the flexible hammer
to achieve better performance. The closer the excitation
frequency to the resonance frequency, the better they had
adapted to the system. Therefore, the excitation frequency
indicated whether the participants tried to influence the
outcome of the experiment by changing their strategy (ham-
mering faster or slower), or whether they kept the same
strategy throughout the experiment and the outcome was
influenced only by the properties of the system.

3.9 Data Analysis

Through the described procedure, a single value per trial
of each dependent measure was obtained; trials were dis-
carded if values for the dependent measures could not be
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TABLE 1
Dependent Measures

Measure Symbol Description

Output v̂ Peak hammer velocity (rad/s)

Efficiency G Gain (-)

Adaptation f Excitation frequency (Hz)

extracted. For the remaining trials, the 10 best trials were
selected based on the highest gain G and from these 10
trials the median of each measure v̂,G, f was calculated and
notated bv̂ , bG, and bf , respectively. This was done to ensure
that learning or fatigue effects did not affect the results. In
a preceding analysis, the data were analyzed for patterns in
the learning or fatigue, correlating with the order or the type
of conditions, but none were observed.

3.10 Statistical Evaluation
Friedman’s test [13] was used to check for column effects
in the dependent measures (bv̂ , bG and bf ) after adjusting
for possible row effects (α = 5 %, row effects: participant-
dependent variations, column effects: condition-dependent
variations). For Experiment 1, where Friedman’s test indi-
cated an effect, Wilcoxon’s signed-rank test [14] was applied
for pairwise testing of the conditions (α = 1 % to compen-
sate for multiple comparisons). The effect sizes, reported as
∆bv̂ , ∆bG, and ∆bf , were calculated as median of the pair
differences, with corresponding 95% confidence intervals.
The 4.8 Hz condition of Experiment 1 was included as
reference condition in the box plots of Experiment 2 for
visual comparison of the performance differences between
teleoperated manipulation (Experiment 2) and direct ma-
nipulation (Experiment 1). It was not used for the statistical
analysis of Experiment 2.

Finally, an estimate of the minimum effect size [15]
was provided for each measure. It was calculated through
statistical power analysis as the minimum required differ-
ence between medians to reject the null hypothesis with
1 − β = 80 %, given the number of participants and the
estimated variation [16]. Because the data were not normally
distributed, the calculation was based on an equivalent
standard deviation estimation σ using the median absolute
deviation MAD: σ = 1.48 MAD [17]. Thus, the estimates
give an indication of the required effect sizes, but an ex-
act comparison with the results of Friedman’s test and
Wilcoxon’s signed-rank test would be difficult to make.

3.11 Results
The raw measurement data are available in the archives of
the 4TU Centre for Research Data [18]. Fig. 6 shows the
box plots of the dependent measures for the five conditions
of Experiment 1: peak hammer velocity bv̂ , gain bG, and
excitation frequency bf . Two participants could not finish
all conditions because of technical problems with the setup
(participant 3 did not finish the 9.9 Hz condition or the
rigid condition, and participant 6 did not finish the 3.0 Hz
condition or the 4.8 Hz condition). Therefore, the number

of samples is 11 for the Friedman’s tests and 11 or 12
for the Wilcoxon’s signed-rank tests depending on which
conditions are compared.

3.11.1 Peak Hammer Velocity

The resonance frequency had a significant effect on the peak
hammer velocity v̂, as shown in Fig. 6a (bv̂ : χ2 = 27.20,
p < 0.001, n = 11).

The peak hammer velocity bv̂ was higher for the flex-
ible conditions with 4.8 Hz, 6.9 Hz, and 9.9 Hz resonance
frequency than for the rigid condition, and higher for a
4.8 Hz resonance frequency than for 3.0 Hz (4.8 Hz and rigid
condition: ∆bv̂ = 14.34 rad/s, CI95% = [11.30, 15.43] rad/s,
p = 0.001, n = 11; 6.9 Hz and rigid condition: ∆bv̂ =
9.88 rad/s, CI95% = [8.00, 16.72] rad/s, p = 0.001, n = 11;
9.9 Hz and rigid condition: ∆bv̂ = 7.95 rad/s, CI95% =
[6.14, 12.39] rad/s, p = 0.001, n = 11; 4.8 Hz and 3.0 Hz
condition: ∆bv̂ = 9.54 rad/s, CI95% = [5.09, 12.67] rad/s,
p = 0.001, n = 12).

The estimated minimum effect size for bv̂ is 7.8 rad/s
(σ = 10 rad/s, n = 11).

3.11.2 Gain

The resonance frequency had a significant effect on the gain,
as shown in Fig. 6b (bG: χ2 = 30.25, p < 0.001, n = 11).

The gain bG was higher for all flexible conditions than
for the rigid condition, and higher for the 4.8 Hz condition
than for the 3.0 Hz and 9.9 Hz conditions (3.0 Hz and rigid
condition: ∆bG = 0.84, CI95% = [0.70, 0.98], p = 0.001,
n = 11; 4.8 Hz and rigid condition: ∆bG = 1.16, CI95% =
[0.93, 1.36], p = 0.001, n = 11; 6.9 Hz and rigid condition:
∆bG = 1.31, CI95% = [0.73, 1.51], p = 0.001, n = 11; 9.9 Hz
and rigid condition: ∆bG = 0.66, CI95% = [0.35, 0.79], p =
0.001, n = 11; 4.8 Hz and 3.0 Hz condition: ∆bG = 0.35,
CI95% = [0.03, 0.66], p < 0.001, n = 12; 4.8 Hz and 9.9 Hz
condition: ∆bG = 0.43, CI95% = [0.08, 0.83], p = 0.007,
n = 11).

The estimated minimum effect size for bG is 0.51 (σ =
0.65, n = 11).

3.11.3 Input Frequency

The resonance frequency had a significant effect on the
excitation frequency, as shown in Fig. 6c (bf : χ2 = 26.84,
p < 0.001, n = 11).

The excitation frequency bf was higher for the condit-
ions with 4.8 Hz, 6.9 Hz, and 9.9 Hz resonance frequency
and the rigid condition than for the condition with 3.0 Hz
resonance frequency, and higher for the 9.9 Hz condition
than for the 4.8 Hz condition (4.8 Hz and 3.0 Hz conditions:
∆bf = 1.58 Hz, CI95% = [0.91, 1.84] Hz, p < 0.001, n = 12;
6.9 Hz and 3.0 Hz conditions: ∆bf = 1.58 Hz, CI95% =
[1.02, 2.69] Hz, p = 0.001, n = 12; 9.9 Hz and 3.0 Hz con-
ditions: ∆bf = 2.73 Hz, CI95% = [1.79, 2.77] Hz, p = 0.001,
n = 11; rigid and 3.0 Hz condition: ∆bf = 2.37 Hz,
CI95% = [1.13, 2.67] Hz, p = 0.001, n = 11; 9.9 Hz and
4.8 Hz condition: ∆bf = 0.88 Hz, CI95% = [0.50, 1.11] Hz,
p = 0.003, n = 11).

The estimated minimum effect size for bf is 0.74 Hz (σ =
0.95 Hz, n = 11).
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Fig. 6. Box plots comparing the conditions of Experiment 1 through the dependent measures: peak hammer velocity bv̂ , gain bG and excitation
frequency bf . The lower and upper limits of the boxes represent the first and third quartiles, respectively. The notches represent the 95 % confidence
interval of the median, and the whiskers show the minimum and maximum values. Brackets show relevant statistically significant differences between
conditions. The condition marked “Ref.” was used as reference for Experiment 2. The dashed lines in Fig. 6c show the resonance frequencies of
the conditions. The numbers on top show the relative error in percent per condition of the median excitation frequency compared to the resonance
frequency. It was calculated as the dimensionless ratio between the difference of excitation frequency and resonance frequency divided by the
resonance frequency.

4 EXPERIMENT 2: TELEOPERATED MANIPULATION

4.1 Hypotheses
Experiment 2 (the teleoperated manipulation experiment)
used the optimum stiffness configuration with a resonance
frequency of 4.8 Hz that was found during Experiment 1 (the
direct manipulation experiment). The following hypotheses
were formulated for this experiment, based on Experiment 1
and pilot studies for Experiment 2:

Hypothesis H2: Humans can exploit the elasticity of a flexi-
ble hammer in teleoperated manipulation to maximize the
power transfer in a strike, and to achieve a higher output
velocity than they can with a rigid hammer.
Hypothesis H2.1: The absence of visual feedback does not
influence the hammering task performance.
Hypothesis H2.2: The absence of force feedback decreases the
hammering task performance.
Hypothesis H2.3: Communication delay decreases the ham-
mering task performance.

4.2 Conditions
Four conditions with different feedback were compared:

FF Visual and force feedback without communication
delay.

NV No visual feedback (the participants were blind-
folded).

NF No force feedback; only visual feedback without
communication delay.

DL Visual and force feedback with 40 ms round-trip
communication delay (the participants could see the
setup, but the communication delay was asymmetric
to achieve the same delay for visual and for force
feedback (see Section 4.5)). The time delay corre-
sponded approximately to round-trip delays encoun-
tered on long distance Internet connections, e.g.,
Amsterdam–Barcelona or Los Angeles–Chicago [19].

The order of conditions was balanced using Latin squares to
block possible learning and carryover effects.

The participants were verbally informed about the ongo-
ing condition and the conditions were clearly distinguish-
able: The participants were blindfolded for the NV condit-
ion, they did not feel the impact in the NF condition, and
they felt a delay-induced damping in the DL condition.

4.3 Participants
The experiment was performed by 32 participants (26 male,
6 female, all right-handed, age 21-34). The participants were
university students and employees with a higher education
background. None of the participants had participated in
Experiment 1 or had previous experience with the experi-
ment apparatus. The experiment had been approved by the
human research ethics committee of TU Delft and all partic-
ipants gave written informed consent before participation.

4.4 Experiment Procedure
In Experiment 2, the participants were given less training
time than in Experiment 1 to explore the resonance mecha-
nism themselves, in order to decrease the experiment time
per participant. To compensate for it, the participants were
shown a four-minute video (accessible at [20]) before the
start of the experiment, describing the goal of the experi-
ment, giving detailed task instructions, and explaining the
basics of mechanical resonance. As there were (arguably
small) differences that make the two experiments difficult
to compare directly, the data obtained in Experiment 1 only
serve as an indicative reference for Experiment 2 and no
statistical comparisons are made between the experiments.

Before starting the actual hammering task, the partic-
ipants had a familiarization phase, which lasted approxi-
mately two to three minutes until the participants decided
to stop. The familiarization phase was different from the
hammering task, as during this time, the suspended mass
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Fig. 7. Experiment procedure Experiment 2

was removed and the participants were asked to “wobble”
the handle to get an impression of the movement required to
excite the mechanical resonance of the flexible hammer. The
teleoperation system settings used for this familiarization
phase corresponded to the settings of the first experimental
condition, in order to ensure that the performance during
the first block of hammering trials was based only on
feedback available with the first condition.

After the familiarization phase, the suspended mass was
put in place and the participants conducted 40 hammering
trials with each condition. After each trial, verbal feedback
was given to the participants about their performance in
terms of gain. For the verbal feedback, the words “Okay,”
“Good,” “Very good,” and “Excellent” were used from the
worst to the best performance, with the rating adapted
according to the participants’ individual performance trend.
To this end, the experiment conductor had a display, which
was not visible to the participants, showing the measured
gain G immediately after every trial, allowing him to give
the feedback to the participant. Between two conditions,
there was a break to download the data (approx. 2 min).
Fig. 7 visualizes the experiment procedure. For the analysis,
the familiarization phase was not taken into account; only
the hammering trials were.

4.5 Teleoperation System Tuning and Identification

Different controllers were programmed in the teleoperator
control system to provide force feedback without commu-
nication delay, force feedback with communication delay, or
no force feedback. The structure of the controllers was based
on the Lawrence architecture [21] (see Fig. 8), using different
tuning gains Cm, Cs, C1, C2, C3, C4. These three controllers
covered the four experiment conditions (see Table 2).

Controller 1 was tuned for optimal transparency accord-
ing to the rules of Hashtrudi-Zaad and Salcudean [22].
Controller 2 was derived from Controller 1 by adding a
communication delay of T = 40 ms only in the tool device to
handle device direction. This way, a visual communication
delay identical to the force feedback communication delay
could be simulated without the need to install a sophisti-
cated video transmission system. Controller 3 was derived
from Controller 1 by disabling the force feedback.

A system identification was carried out to assess the
performance of the teleoperator. A sine sweep identifica-
tion input signal (0.1 Hz to 20 Hz over 100 s) was used to
analyze the teleoperator transparency by comparing the
transmitted impedance Zto for the three controllers with the
environment impedance Ze. The environment impedance
is the impedance of the flexible hammer in free air. The

e−sT

C1

C2e−sT

C3

C4

Cm

Cs

Z−1
m

Z−1
s

Zh

Ze

fmc

fsc

ẋm

ẋs

fh̃

fẽ

+ +

− −

−

−

+

+

−

+

+ −

+ +

Fig. 8. Controller architecture of the teleoperator. Three different settings
were used for the controller gains Cm, Cs, C1, C2, C3, C4 and the delay
T for the conditions of Experiment 2. Note that communication delay was
implemented only on the forward channels (handle device to tool device)
and not on the feedback channels (tool device to handle device) in order
to achieve communication delay for the visual feedback. Therefore, T
represents the round-trip time and not the one-way delay time. Ze is the
environment impedance; Zh is the impedance of the human operator;
Zm is the impedance of the handle device; Zs is the impedance of the
tool device; fe is the sum of external forces on the hammer; fh is the
force intentionally exerted by the human operator on the handle device;
fmc and fsc are the forces commanded by the controller to the handle
device and tool device; and ẋm and ẋs are the velocities of the handle
device and the tool device. (Adapted from [22])

TABLE 2
Controller gains of the system shown in Fig. 8

Contr. Cond. Parameter

Cm = - C4 Cs = C1 C2 C3 T

1 FF,
NV

0.8 + 10
s

0.8 + 10
s

1 1 0 s

2 DL 0.8 + 10
s

0.8 + 10
s

1 1 40 ms

3 NF 0 0.8 + 10
s

0 1 0 s

transmitted impedance Zto should be close to the envi-
ronment impedance Ze in order to make the teleoperated
hammer behave like the directly manipulated hammer in
Experiment 1. Only the free air behavior of the setup was
measured as this was the relevant mode of operation for
this experiment.

Fig. 9 shows the bode plots of the impedance Zto trans-
mitted through the teleoperator compared to the environ-
ment impedance Ze for the three controllers.

The black dashed line shows the modeled curve of Ze:

(11)Ze = K
k (ms+ b)

ms2 + b s+ k
,

with the numeric values obtained from the system iden-
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Fig. 9. Bode plots of the modeled and measured environment
impedance Ze and modeled and measured transmitted impedance Zto

for the three controllers. The box in the magnitude plots from 3.8 Hz to
5.8 Hz frequency and from 0 dB to 20 dB magnitude highlights the critical
region around the resonance frequency of 4.8 Hz.

tification measurement (K = 0.5, m = 2.59 g m2, k =
2.23 N m/rad, b = 3× 10−3 N m s/rad).

The other dashed lines show the modeled curves of Zto

for the three controllers with the parameters in Table 2. They
were derived from the Ze model using the Haptic Analysis
Toolbox [7].

Controller 1 with optimal transparency gains has a good
fidelity of the transmitted impedance. The frequency of
the maximum impedance magnitude of the transmitted
impedance closely matches the environment impedance,
and the magnitude profiles of both curves are generally
close within the boxed region. The maximum impedance
is at least 16 dB higher than at the frequencies 1 Hz higher
or lower in both curves. This can be compared to a signal-to-
noise ratio for the sensing of the mechanical resonance. The
higher the signal-to-noise ratio, the easier it should be for
the operator to sense and excite the mechanical resonance
with only impedance information as feedback.

The impedance maximum is slightly shifted for Contr-
oller 2 and is at approximately 4.6 Hz instead of 4.8 Hz.
Also the ratio between the minimum magnitude and the
magnitude 1 Hz higher or lower is only about 5.5 dB. Thus,
with Controller 2 it should be more difficult for the operator
to sense and excite the mechanical resonance with only
impedance information as feedback than is the case with
Controller 1 .

For Controller 3, no impedance minimum can be distin-
guished and therefore the mechanical resonance cannot be
identified on the basis of impedance feedback.

4.6 Results
The raw measurement data are available in the archives of
the 4TU Centre for Research Data [23]. Fig. 10 shows the box
plots of the dependent measures for the reference condition
of Experiment 1 and the four conditions of Experiment 2:
peak hammer velocity bv̂ , gain bG and excitation frequency
bf .

There are no effects significant at the 5 % level for bv̂
and bG (bv̂ : χ2 = 0.56, p = 0.91, n = 32; bG: χ2 = 6.86,
p = 0.076, n = 32). Friedman’s test showed a significant
effect at the 5 % level for bf ( χ2 = 8.59, p = 0.035, n =
32), but Wilcoxon’s test indicated no effect at the 1 % level
for the pairwise comparisons. Therefore, the possible effects
are weak and not consistent over the three measures. There
were also no significant effects of the order of conditions
that the subjects have performed.

The estimated minimum effect sizes are 4.86 rad/s for bv̂
(σ = 9.81 rad/s, n = 32), 0.31 for bG (σ = 0.62, n = 32), and
0.53 Hz for bf (σ = 1.06 Hz, n = 32).

5 DISCUSSION

This study shows that human operators can exploit a flexible
hammer to achieve higher peak velocities in a hammering
task than they can with a rigid hammer. A gain of over
200 % was measured, defined as peak hammer velocity
divided by peak handle velocity (e.g., Experiment 1 4.8 Hz
condition: 208 % median gain). This is comparable to the
results reported by Wolf et al. [24] for automated motion
with SEAs (272 %), but significantly lower than the results
reported by Garabini et al. [9] for an analytical solution
with SEAs (400 %). The achieved velocity and gains are
comparable between direct manipulation and teleoperation.
In the following, we will discuss the observed effects in
more detail.

5.1 Humans can exploit the mechanical resonance of a
flexible hammer
The results of flexible hammering in direct manipulation
(Experiment 1) indicate that humans can sense and excite
the mechanical resonance of a flexible hammer to achieve a
higher peak velocity than with a rigid hammer (supporting
hypothesis H1). These results are coherent with research
showing that humans can tune their limbs to a specific
resonance frequency [25], [26]. An optimum working point
was found for a flexible hammer with a resonance fre-
quency of 4.8 Hz in terms of velocity gain and matching
the resonance frequency. Participants achieved a similar
performance in terms of peak velocity and velocity gain
for the condition with 6.9 Hz resonance frequency, but the
excitation frequency was closer to the resonance frequency
in the 4.8 Hz condition.

5.2 Teleoperation and direct manipulation with flexible
hammers offer similar task performance
The results of hammering in teleoperated manipulation
(Experiment 2) indicate that humans can sense and excite
the mechanical resonance of a flexible hammer to achieve a
higher peak velocity than they can with a rigid hammer also
through a teleoperation system (supporting hypothesis H2).
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Fig. 10. Box plots comparing the conditions of Experiment 2 through the dependent measures: peak hammer velocity bv̂ , gain bG and excitation
frequency bf . The lower and upper limits of the boxes represent the first and third quartiles, respectively. The notches represent the 95 % confidence
interval of the median and the whiskers show the minimum and maximum values. There is no significant effect of the condition on the performance
as the 95 % confidence intervals of the medians overlap. The condition marked “Ref.” is the 4.8 Hz condition from Experiment 1 used as reference
for Experiment 2. The dashed line shows the resonance frequency.

They also suggest that the absence of visual feedback
(condition NV) does not affect the peak velocity or the ve-
locity gain, and thus confirm sub-hypothesis H2.1. Contrary
to sub-hypothesis H2.2, the results do not show an effect
of the absence of force feedback (condition NF) in the tele-
operated flexible hammering task. Sub-hypothesis H2.3 was
also not confirmed by the results of Experiment 2: No effect
of a communication delay of 40 ms round-trip time was
observed (condition DL), although this represents a consid-
erable communication delay compared to the execution time
of one hammer strike (approximately 20 % for a resonance
frequency of 4.8 Hz). In Experiment 2, only one resonance
frequency was studied experimentally in order to limit the
parameter space. However, based on the experience with
the experiment apparatus, we believe that the results can be
generalized to the full range of frequencies that were tested
in Experiment 1.

5.3 Sensitivity of the gain to the excitation frequency
It was unexpected that no effect of visual feedback, force
feedback, or communication delay could be measured. This
raises the question whether the same results could be
achieved without any feedback. As shown in Fig. 2c, the
velocity gain is greater than 1 for all frequencies lower
than approximately 1.5 times the resonance frequency. In
essence, the excitation frequency does not have to match
the resonance frequency exactly to obtain a higher output
velocity with a flexible hammer. Nevertheless, as we saw
in Experiment 1 (Fig. 6c), the participants changed their
excitation frequency for different resonance frequencies, in-
dicating that they tried to achieve the highest possible gain.

For higher resonance frequencies, it is difficult for a hu-
man operator to execute the motion fast enough. As shown
by the results of Experiment 1, the excitation frequency was
consistently below 8 Hz (which corresponds to the upper
frequency limit of coordinated hand movements [27]), even
though the resonance frequency of the stiffest condition was
approximately 10 Hz. Therefore, the highest gain can be
expected for resonance frequencies between 4 Hz and 8 Hz.

5.4 Influence of the task motion profile

The results of Experiment 2 do not indicate an effect of
the absence of force feedback on the flexible hammering
task. However, for dexterous manipulation at much lower
frequencies (e.g., lower than 1 Hz), it has been shown that
force feedback has a significant effect, resulting in reduced
task execution time, contact forces, and task load [28], [29],
[30].

The difference in results between dexterous manipula-
tion experiments and our experiments might be due to a
difference in the arm/hand movements executed by subjects
in our hammering experiments. Kunesch et al. differentiate
between slow type I motions at frequencies up to 2 Hz
involving focal sensory control (e.g., tactile exploration), and
fast type II motions at frequencies between 4 Hz and 8 Hz
monitored by pre-attentive sensory processes (e.g., writing,
tapping, shading) [27]. The excitation frequencies observed
in this study are in the frequency range of type II motions
and it is therefore coherent that the feedback channel has
little influence on the task performance.

Research on human motor control also indicates that
joint stiffness control for particular tasks is largely controlled
by muscle activation patterns triggered by the cerebellum in
a feedforward manner [31]. As the system dynamics did
not change in Experiment 2, it was apparently easy for
the participants to build an internal model for feedforward
control, independently of the type of feedback.

5.5 Implications for the use of SEAs

In this study, we found that it can be expected that human
operators can do the flexible hammering task in teleoperated
manipulation as well as they can in direct manipulation.
This is an encouraging result for the use of SEAs in future
dynamic teleoperation systems, as similar tasks, such as
shaking, jolting and throwing could possibly also benefit
from SEAs. This study is trailblazing a path toward the
performance of real-life human dynamic tasks through tele-
operation.
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We see two immediate recommendations for the design
of teleoperator systems with flexible tool device actuators.
1) If the quality of the force feedback in teleoperation is
less critical for high-speed tasks than for slow dexterous
manipulation, the force fed back to the operator could be
scaled down for faster tasks without performance penalties.
Yet, scaling down the force on the handle device side of the
teleoperation system reduces the power delivered by the
handle device, as it is the product of force times velocity.
This could lead to a method to increase the stability of
teleoperation systems without introducing high damping,
as is done in passivity observer and controller approaches
[12]. 2) If the precise matching of excitation frequency and
the resonance frequency is not critical to obtain a velocity
gain, the stiffness of the flexible hammer can be driven
by design requirements other than the resulting resonance
frequency. Even for flexible hammers, it is often desirable
that the stiffness is sufficiently high to avoid excessive
deflection. The results of Experiment 1 show that the flexible
hammer could be designed with a resonance frequency 40 %
higher than reachable by a human operator and still achieve
a velocity gain of more than 200 %. Consequently, if a higher
tool stiffness is desired while still allowing human operators
to achieve a good velocity gain, stiffnesses resulting in
resonance frequencies up to about 11 Hz can be chosen.

5.6 Teleoperation with variable stiffness actuators
The presented findings support the notion of using SEAs
as tool devices in teleoperation. However, a teleoperation
system with large oscillations as used in this study is not
practical for positioning tasks. It is therefore preferable to
be able to change the mode of operation between soft and
rigid according to the task at hand, as can be done with
variable stiffness actuators [32]. Furthermore, Garabini et al.
have shown that an additional velocity increase of 30 % can
be achieved by varying the stiffness during the motion [9].
Therefore, it appears worthwhile to the authors to try to
further improve the gain measured in the experiments pre-
sented in this paper by using a variable stiffness tool device
actuator instead of a constant stiffness elastic actuator.

6 CONCLUSION

This paper shows that teleoperators can achieve peak ve-
locities in a hammering task with a flexible (SEA-based)
hammer of more than 200 % of the peak velocities achieved
with a rigid hammer. Based on the performed experiments,
we conclude that: 1) Humans can sense and excite the
mechanical resonance of a flexible hammer to achieve a
higher peak velocity than they do with a rigid hammer
in direct manipulation; 2) a similar level of performance
is achieved in teleoperated manipulation; 3) the absence
of visual feedback or force feedback, or a communication
delay of 40 ms has no significant effect on the performance
in terms of peak hammer velocity, gain, and excitation
frequency.
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